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Abstract

Marine plants and animals have omega-3 fatty acids including eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA). EPA is required for biological processes, but humans are unable to
synthesize them and must be obtained from dietary sources. EPA has been used as an antitumor
agent but the molecular mechanisms for the regulation of tumor microenvironment immunity by
EPA are still unknown. The indoleamine 2,3-dioxygenase | (IDO) catalyzes conversion of
tryptophan to kynurenine to induce immune evasion in tumor microenvironment. In this study, EPA
inhibited the expression of IDO via downregulation of protein kinase B (Akt)/mammalian targets of
rapamycin (mTOR) signaling pathway in tumor cells. Meanwhile, a significant decrease in kynurenine
levels and increase in T cell survival were observed after tumor cells treated with EPA. The results
demonstrated that EPA can activate host antitumor immunity by inhibiting tumor IDO expression.
Therefore, our finding suggests that EPA can be enormous potential for cancer immunotherapy.

Key words: Eicosapentaenoic acid; tumor microenvironment; indoleamine 2,3-dioxygenase; immune evasion;
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Introduction

Indoleamine 2,3-dioxygenase (IDO) is involved
in the tryptophan-kynurenine pathway that catalyzes
conversion of tryptophan to kynurenine. IDO
induction results in tryptophan depletion and
reduced T cell proliferation [1]. Tryptophan depletion
can induce uncharged tryptophan-tRNA, regulator T
cell activation, and prevent effector T cell proliferation
[2]. IDO can promote tumor immune escape. IDO
expression was found in tumor cells including
melanoma and breast cancer [3].

Marine-derived w-3 polyunsaturated fatty acids
(PUFAs) are involved in cell growth and membrane
lipid composition [4]. Marine-based fish and fish oil

contain a high proportion of -3 PUFAs, which are
known to have variety of health benefits against
cardiovascular diseases, tumor, depression, aging,
and arthritis. Dietary intake of marine original ®-3
PUFAs has been found good effects for cognitive
abilities [5]. The absorption of ®-3 PUFAs is
influenced by food intake and reduced bioavailability.
The bioavailability of ®-3 PUFAs is important for
body health, supplying not only energy, but also
taking part in host immunity. The bioavailability of
®-3 PUFAs is associated with many factors, including
genetic background, living habit, and gut microbiota
[6]. Previous studies also have shown that fish
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consumption and dietary intake of w-3 PUFAs are
inversely associated with the risk of colorectal cancer
[4]. Meanwhile, some studies have demonstrated that
chronic inflammation can be reduced after w -3
PUFAs intake [5]. Marine ®-3 PUFAs, including
eicosapentaenoic acids (EPA) and docosahexaenoic
acids (DHA), have been shown to reduce
inflammation and growth of tumors. EPA can
synthesize DHA in the body. Recently, EPA and DHA
can restore the inflammation-induced increase in
kynurenine pathway. EPA has the better activity than
DHA to reduce the damage induced by inflammation
in neurons [7]. EPA is more effective than DHA in
antidepressant clinical trials [8]. However, whether
marine original EPA can increase the activity of host
immune cells against tumor cells is unclear. EPA can
prevent tumor growth and has antitumor activity.
Increasing evidence suggest that EPA could limit the
response to host unwanted immune activities
including cardiac disease, bronchial disorders, and
intestinal inflammation [9, 10]. EPA is linked between
host immunity and tumor. The detailed molecular
mechanism is in urgent need of strengthening. In this
study, we want to examine whether EPA can
overcome the immune tolerance of tumor
microenvironment by downregulating IDO.

Materials and Methods

Cell lines, reagents and plasmid

Murine B16F10 and 4T1 cells are maintained in
Dulbecco’s Modified Eagle’s medium (DMEM)
containing 10% fetal bovine serum (FBS), 1%
Penicillin-Streptomycin (100 units/mL penicillin and
100 pg/mL streptomycin), and at 37°C in 5% CO,[11].
Jurkat T cell line (human T Iymphocyte; (ATCC
TIB-152™)) cultured in HyClone RPMI 1640 medium
containing 10% FBS. EPA, and L-3,4-dihydroxy-
phenylalanine (L-DOPA) were purchased from
Sigma-Aldrich (Sigma Aldrich, St. Louis, MO, USA).
The constitutively phosphorylation AKT plasmid
(myr-AKT) mentioned previously [11].

Western blotting

Cells were collected and lysed in NP-40 buffer.
The bicinchoninic acid (BCA) protein assay (Pierce
Biotechnology, Rockford, IL, USA) was used to
measure the protein content. Proteins were separated
by using SDS-PAGE (8%) and transferred to
nitrocellulose membranes [12]. The primary
antibodies IDO (Thermo Scientific, Rockford, IL,
USA), mTOR (Cell Signaling, Danvers, MA, USA),
phosphorylation-mTOR (Cell Signaling), protein
kinase B (AKT) (Santa Cruz Biotechnology, Inc. Santa
Cruz, CA, USA), phosphorylation-AKT (Santa Cruz

Biotechnology, Inc.), p70S6K (Cell Signaling),
phosphorylation-p70S6K (Cell Signaling), and p-actin
(Sigma Aldrich)) were used to detect the protein
expression. Anti-murine or -rabbit secondary
antibodies were used to recognize primary antibodies.
The enhanced chemiluminescence system was used to
visualize the protein expressions and signals were
quantified with Image] software [13].

T cell viability assay

Tumor cells were treated with various
concentrations EPA (50-200 pM) for 24 h. The
conditioned medium from EPA-treated B16F10 or 4T1
cells were collected and cultured with Jurkat T cells (2
x 10%) for 72 h. The number of cell was measured by
staining trypan blue or WST-8 [13].

Kynurenine assay

B16F10 and 4T1 cells were treated with EPA for
24 h. The supernatants were collected and mixed with
TCA (Sigma-Aldrich). The samples were added the
Erchlich’” s reagent (Sigma-Aldrich). The absorption
was measured at 490 nm. The data were performed as
a percentage of control.

Transfection assay

Lipofectamine 2000 (Thermo Scientific) was used
to transfect myr-AKT plasmids to B16F10 and 4T1
cells. After transfecting and EPA treating, cells were
harvested and determined the protein expression, T
cell number and kynurenine content.

Statistical analysis

The ANOVA was used to determine differences
between groups. Any P value less than 0.05 is
regarded statistically significant.

Results

EPA inhibited the accumulation of kynurenine
and promoted the viability of T cells in vitro

The high level of kynurenine resulted in T cell
proliferation [14]. In this study, we used mouse
B16F10 melanoma cells and mouse breast tumor 4T1
cells to evaluate the downregulation kynurenine
activity of EPA. After tumor cells were treated with
EPA and the tumor cell viability is shown in Fig. 1 A,
B E. By comparison with trypan blue exclusion assay
and WST-8 assay, there were no significant
differences between the two cell viability methods
(Fig. 1 C and D). The trypan blue exclusion assay was
used in the subsequent cell viability assay. The dose
(50 pM-200 pM) without inducing cytotoxicity were
chosen to determine the influence of EPA on
kynurenine downregulation (Fig. 2). After EPA
treatment, the production of kynurenine was
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Figure 1. Effects of EPA on tumor cell viability. BI6F10 (A) and 4T1 (B) cells were treated with EPA (50-200 uM) for 24 h. The number of cell was measured by the trypan blue
exclusion assay. BI6F10 (C), 4T1 (D) and Jurkat T (E) cells were treated with EPA (50-200 uM) for 24 h. The number of cell was measured by WST-8 assay.

significantly reduced in B16F10 and 4T1 cells (Fig. 2 A
and B). The contents of kynurenine in two tumor cells
were downregulated after treatment with the highest
dose of EPA (200 pM). The decreasing production of
kynurenine by treating EPA is a general phenomenon.
Furthermore, we measured whether EPA-mediated
decrease of kynurenine has an effect on the viability of
T cells. The T cells treated with the conditioned
medium of EPA-treated tumor cells and cell viability
was observed (Fig. 2 C and D). The highest numbers
of T cells were observed in culturing with condition
medium treated with EPA (200 pM) group (Fig. 2 C
and D). For the interpretation of the results it is
essential to examine the effect of medium from
EPA-untreated cancer cells on T cell viability in
comparison to the control medium. Fig 3 shows the
conditioned medium from EPA-treated tumor cells
enhanced the viability of T cell. When taken together,
EPA did not inhibit tumor growth but enhanced the
viability of T cells by reducing the accumulation of
kynurenine.

EPA dose-dependently inhibited IDO

expression

EPA could decrease the degradation of
tryptophan to kynurenine and reverse
tryptophan-depleted T cell death. IDO is a

rate-limiting enzyme in the tryptophan-kynurenine
pathway [15]. Fig. 4 A and B show EPA reduced the
expression of IDO in a dose-dependent manner in
B16F10 and 4T1 cells. Previously, the protein kinase B
(Akt)/mammalian targets of rapamycin (mTOR)/p70

ribosomal s6 kinase (p-p70s6K) regulated the
expression of IDO [14]. Indeed, the expressions of
phosphorylation AKT, phosphorylation mTOR, and
phosphorylation p70s6K were reduced after EPA
treatment in a dose dependent-manner (Fig. 4 A and
B). We observed the correlation between IDO and the
AKT/mTOR signaling pathway. These results
suggested that EPA might inhibit IDO through
reducing the activity of AKT/mTOR signaling
pathway. The conditioned medium from EPA-treated
tumor cells not only increased the T cell viability but
also activated the AKT/mTOR signal pathway in T
cells (Fig. 5). In contrast to EPA-treated tumor cells,
the upregulation of AKT/mTOR signal pathway
expression was observed in the conditioned
medium-treated T cells.

EPA inhibited IDO expression through the
suppression of the AKT/mTOR signaling
pathway

EPA reduced the expression of IDO and the
phosphorylation AKT in our system. Furthermore, the
constitutively active AKT plasmids were used to
distinguish the correlation between IDO and the
AKT/mTOR signaling pathway. Transfecting
constitutively active AKT plasmids reversed the
AKT/mTOR/p70S6K signaling pathway (Fig. 6 A
and B). The phenomenon was reversed after being
treated with EPA and constitutively AKT in B16F10
and 4T1 cells, indicating that the EPA-regulated
decrease of IDO via AKT/mTOR/p70S6K signaling
pathway. The expression of IDO significantly
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Figure 2. The accumulation of kynurenine and T cell proliferation were measured after EPA treatment. The kynurenine assay was used for the kynurenine production in B16F10
(A) and 4T1 (B) cells. The conditioned medium of BI6F10 (C) and 4T1 (D) after treated with indicated concentrations of EPA for 24 h mixed with an equal amount of original
medium. T cells were cultured in media conditioned from tumor cells for 72 h. The cell number were measured by staining with trypan blue. (n = 6, data are mean+ SD. ** P <

0.01).

reversed in AKT-transfecting cells after EPA
treatment (Fig. 6). The results point out that
downregulation of phosphorylation AKT is essential
for EPA-mediated IDO expression in tumor cells.
Similar results were observed and showed that EPA
inhibited the phosphorylation AKT in MDA-MB-231
breast tumor cells [16].

EPA reduced kynurenine content and
enhanced T cell viability through AKT pathway

EPA decreased IDO expression in B16F10 and
4T1 cells through reducing the phosphorylation AKT.
The AKT/mTOR signaling pathway can be reversed
by transfecting a plasmid bearing a constitutively
active form of AKT [17]. Transfection of a plasmid
encoding constitutively active AKT increased the
production of kynurenine and reduced the T cell
viability (Fig. 7). EPA decreased the content of
kynurenine in B16F10 and 4T1 cells (Fig. 7). The cells
treated with EPA and constitutively active AKT
plasmids restored the expression of IDO compared
with those cells treated with EPA only. Our results
indicated that inhibition of phosphorylation-AKT is
necessary for the reduction of kynurenine production
and the enhancement of T cell viability in B16F10 and
4T1 cells treated with EPA.
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Figure 3. Effects of EPA on T cell viability. The conditioned medium of BI16F10 and
4T1 after treated with EPA (0 or 200 uM) for 24 h mixed with an equal amount of
original medium or not. The media were cultured with T cell for 72 h. The cell
number were measured by staining with trypan blue. (n = 6, data are meant SD. ** P
< 0.01). CM: conditioned medium.

Discussion

Tumor microenvironments can affect behavior
and clinical outcome of cancer patients. An efficient
antitumor agent is impeded by tumor immune
tolerance. To put up with this immune evasion, host
immune cells recognize and kill tumor cells by an
effective agent. Tumor expressed IDO has been
observed in different tumors including melanoma,
breast cancer, and colon cancer [3]. This study aims to
identify that EPA as an immunotherapy agent
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discouraged tumor IDO further diffusion. The
AKT/mTOR pathway was involved in multiple
tumor growth signaling pathways [18]. Indeed, EPA
treatment suppressed the IDO expression in tumor
cells. Moreover, growing evidences indicate that
AKT/mTOR pathways are involved in immune

regulation [19]. This study learned about the
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relationship between AKT/mTOR signaling pathway
and IDO was confirmed by using constitutively-AKT
transfecting experiments. The constitutively-AKT
activity reversed the EPA-reduced IDO expression
(Fig. 6), which indicated that EPA reduced IDO
expression via AKT/mTOR pathway.

B 4711
EPA (uM)

0 50 100 200

IDO . o —

3.170.22.2+0.31.740.2 1.410.3
P-AKT e

PRI
30.810.20.610.2

AKT - e oas -
2.910.12.910.4 2.910.22.710.1

P-mTOR Wy Wy men S
0.910.20.8+0.1 0.70.10.5+0.2

MTOR e e sy

0.840.20.7£0.10.810.30.8£0.2
P-p70S6K wmm— mm— s —

1'1.10.'1 0.910.2 0.810.1 O.SiQ.Z
pT0SGK (S - — —

0.910.21.2+0.1 1.2+0.21.010.3

Nt T g S—
1.0+0.2 1.310.3 1.310.1 1.110.2

B-actin

Figure 4. EPA mediated IDO via AKT/mTOR signaling pathway. The tumor cells were treated with of EPA for 24 h. The B16F10 (A) and 4T1 (B) cells were collected and
measured for IDO, and AKT/mTOR/p70S6K by Western blotting. The Immunoblotting assay was repeated three times with similar results. Inset values show the protein
expression normalized to B-actin. (n = 3, data are mean# SD).
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Figure 5. EPA induced AKT/mTOR signaling pathway in T cells. The conditioned medium of BI6F10 and 4T after treated with EPA (0 or 200 uM) for 24 h mixed with an equal
amount of original medium or not. The media were cultured with T cell for 72 h. The T cells were collected and measured for AKT and mTOR by Western blotting. The
Immunoblotting assay was repeated three times with similar results. Inset values show the protein expression normalized to B-actin. (n = 3, data are meanz SD).
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Figure 6. Constitutively active-AKT reduced EPA-induced decrease of IDO. The B16F10 and 4T1 cells were transfected with constitutively active AKT plasmids for 16 h prior
to treatment with EPA for 24 h. The expression of IDO, phosphorylation AKT, AKT, phosphorylation mTOR, mTOR, phosphorylation p70s6K, and p70s6K protein in B16F10
(A) and 4T1 cells (B) was determined. The Immunoblotting assay was repeated three times with similar results. Inset values show the protein expression normalized to f3-actin.
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The activation of AKT/mTOR signaling
pathway is also involved in cell survival and protects
cell against apoptosis and autophagy [20]. The
inhibition of Akt/mTOR damages the balance
between cell survival and cell death, and enhances
tumor cell death [21]. In our system, EPA did not
influence the survival of tumor cell (B16F10 and 4T1)
and T cell (Fig. 1 E), but inhibited the activation of
Akt/mTOR signal pathway in tumor cells. Herein,
EPA decreased the expression of IDO via Akt/mTOR
signal pathway. The conditioned medium from tumor
cell treated with EPA increased the survival of T cells
through reducing kynurenine, activating Akt/mTOR
signal pathway in T cells (Fig. 5). The Akt/mTOR
signal pathway is involved in the metabolism of
tumor microenvironment.

EPA can directly induce tumor cell death by
different pathway in other studies. EPA or in
combination with chemotherapy have the ability to
retard tumor growth by inducing apoptosis. EPA
triggered the intrinsic and extrinsic apoptotic
pathways [4]. Meanwhile, some studies have
demonstrated that EPA changed the lipid raft and
influenced the oncoprotein [22]. EPA caused oxidative
stress in tumor cells and disrupted the mitochondrial
membrane potential [23].

The activation of Akt/mTOR signaling was
observed in the T cell cocultured with
condition-medium derived from EPA-treated tumor
cells. The Akt/mTOR pathways is involved the
protein synthesis. Jaudszus et al., pointed out that the
reduction of intracellular interleukin-2, tumor
necrosis factor -a, and interleukin-4 was observed in
human T cell after EPA direct treatment [24]. EPA has
a great benefit to immunomodulation. Herein, EPA
indirectly decreased the proliferation of T cell. When
EPA directly treated with T cell, the proliferation of T
cell was not influenced (Fig. 1E). The result is
consistent with previous report [25]. Some studies
also demonstrated EPA decreased the function of
antigen-presenting cells (dendritic cells and
macrophages) by reducing class II  major
histocompatibility complex, costimulatory molecules,
and IDO expression and depressed the activity of NK
cells [25, 26].

The immunotherapy is attracting worldwide
attention, because some immune checkpoint
inhibitors, including anti-program cell death receptor
antibody and anti-the cytotoxic T-lymphocyte-
associated antigen 4 antibody, has dramatically
antitumor activity [27]. IDO inhibitors also had
antitumor activity by activating T cell responses [28].
Some studies suggested that chemotherapy combined
with IDO inhibitors, such as 1-methyl tryptophan,
seem be encouraged [29]. EPA exerted antitumor

activity by inducing caspase-8 signaling pathway [30].
Although EPA did not directly induced tumor cell
death in our system, we provided new EPA-targeted
molecules: IDO. The concept of using EPA as tumor
immune checkpoint inhibitors is attractive, because
EPA has been safely used in humans several decades
and available at a low cost. These results illustrated
the importance of EPA in regulating tumor immune
tolerance. The animal tumor models treated with EPA
combined with other conventional chemotherapies
are worth studying. Meanwhile, our studies pointed
out the potential mechanism that EPA reduced tumor
IDO expression and enhanced T cell viability. Our
findings deserve further investigation to ascertain
their potential benefit for EPA in developing immune
checkpoints inhibitor.
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