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Abstract

Growing evidence has shown that regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs) abnormally
increase in cancer cachectic patients. Suppressions of Tregs and MDSCs may enhance anti-tumor immunity for cancer
patients. Fish oil and selenium have been known to have many biological activities such as anti-inflammation and anti-
oxidation. Whether fish oil and/or selenium have an additional effect on population of immunosuppressive cells in tumor-
bearing hosts remained elusive and controversial. To gain insights into their roles on anti-tumor immunity, we studied the
fish oil- and/or selenium-mediated tumor suppression and immunity on lung carcinoma, whereof cachexia develops.
Advancement of cachexia in a murine lung cancer model manifested with such indicative symptoms as weight loss, chronic
inflammation and disturbed immune functionality. The elevation of Tregs and MDSCs in spleens of tumor-bearing mice was
positively correlated with tumor burdens. Consumption of either fish oil or selenium had little or no effect on the levels of
Tregs and MDSCs. However, consumption of both fish oil and selenium together presented a synergistic effect-The
population of Tregs and MDSCs decreased as opposed to increase of anti-tumor immunity when both fish oil and selenium
were supplemented simultaneously, whereby losses of body weight and muscle/fat mass were alleviated significantly.
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myeloid cells, consisting of immature macrophages, granulocytes,
dendritic cells and other myeloid cells at earlier stages of
differentiation with common high expressions of CDI11b and
Gr-1. MDSCs may suppress adaptive and innate immunity
through influencing T cell activation [5], NK cell cytotoxicity
[6], and Tregs induction [7]. As to Tregs, they represents a small
fraction of cells in the overall CD4*CD25" T cell population,
mediating immune suppression via a cell-cell contact mechanism
with a characteristic high level of FOXP3 [8]. Accumulation of
MDSCs and Tregs is considered to promote the tumor immune
escape, underlining both types of cells an ideal treatment target in

Introduction

Cancer cachexia often develops in cancer patients and is the
primary cause to high morbidity and mortality in advanced
cancers [1]. Though the definition of cachexia remains unclear,
common features for this chronic abnormal catabolism include
progressive and involuntary weight loss, wasting, asthenia, fatigue,
etc [1]. Causes such as tumor-derived factors, therapeutic strategy,
nutritional status, age, stress and depression all are linked to
progression of cachexia, which manifests as chronic inflammation
and impaired immune responsiveness [2]. Immune suppression
promotes disease progression and complications, thereby resulting
in suboptimal treatment (e.g. surgery, chemotherapy or radiother-
apy), and poor quality of life and prognosis [3].

The myeloid-derived suppressor cells (MDSCs) and regulatory
T cells (Tregs) of immune suppressive cells recently attract

immunotherapy.

Prevention and treatment of cancer cachexia have been a
standard regimen in cancer therapy. Adequate supplementation of
nutrients is beneficial to cancer patients. For example, nutritional
supplements may help stop or reverse nutritional decline and offset

considerable attention as they are implicated in tumor immune
escape [4,5]. MDSCs represent a heterogeneous population of
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dysfunction of immune system, thereby ensuring a better clinical
outcome towards a good quality of life. Fish oil (fo) derived from
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omega-3 polyunsaturated fatty acids (PUFAs), particularly eicosa-
pentaenoic acid (EPA), has been known able to prevent nutritional
deterioration in cancer patients through inhibiting tumor growth,
cancer cachexia progression, and inflammation [9]. Inasmuch as
EPA supplementation (EPA total parenteral nutrition (TPN))
improves immunologic parameters for those patients who received
postoperative chemo-radiation therapy against esophageal cancer
[10] or who underwent thoracotomy for esophageal cancer,
experienced less stress-induced immunosuppression [11], such
beneficial effects of EPA prompted us to utilize PUFAs in
perioperative immunonutrition for a better prognosis. Inflamma-
tion and immune suppression in cancer patients with cachexia
may be modulatable through supplementing anti-inflammatory
and anti-tumor immune nutrients [12].

Selenium (Se) physiologically acts as a potent nutritional anti-
oxidant in a fashion of selenoproteins. Roth et al. [13] suggested
that Se (50 pg) would strengthen positive immune responses and
thereby lower down cancer incidences. Kiremidjian-Schumacher
and Roy [14] reported that lymphocyte activities may be fortified
with supplementation of selenium, whereby cytotoxic T lympho-
cyte (CTL)-driven tumorolysis, mitogen-induced proliferation of
lymphocytes, and mixed lymphocyte reaction (MLR) proliferation
will be enhanced markedly. Significant reduction of cell-mediated
immunity in the pre-cachectic state was revealed recently
(suggesting an impaired immunity prior to weight loss) [15], while
the mechanism exerted through Se-supplementation remains
elusive. What was known is supplementation with fish oil (EPA)
may reduce production of proinflammatory cytokines, ameliorat-
ing cancer-induced weight loss [16]. On this basis, we proposed
both fish oil and selenium may have a synergistic effect to
neutralize the cancer-induced immune suppression.

In this report, we studied the mechanism of the lung carcinoma-
induced immune suppression and the effects of individual and/or
combined nutrients on the tumor-induced immune dysfunction. In
order to tackle the stated issue, we first developed a stable mouse
lung cancer model-immunocompetent BALB/c mouse to validate
that cachectic symptoms are associated with immune responses in
lung cancer. We further demonstrated that dietary supplementa-
tion with fish oil and selenium can markedly reduce the number of
immunosuppressive cells in spleens in the tumor-bearing mice but
affecting no or little on other immunocytes.

Materials and Methods

Cells and cell culture

Line-1 cells from a BALB/cBy] alveolar lung carcinoma
(provided from Dr. John Yuhas) were adapted to tissue culture
[17]. Line-1 and YAC-1 lymphoma cell line (ATCC-TIB-160)
were cultured in RPMI Medium 1640 (Gibco, New York, USA)
supplemented with 10% fetal bovine serum (Gibco, New York,
USA), and cultured at 37°C in a humidified incubator supplied to
5% of the atmosphere with CO,.

Mice and tumor model

Male BALB/cBy] mice (6-7 weeks) were obtained from the
National Laboratory Animal Center (Taipei, Taiwan). Mice were
individually housed in a climate controlled room (12:12 dark-light
cycle with a constant room temperature of 21*=1°C). Mice
underwent at least 4-day adjustment to new environment and diet
before treatments were performed. Mice were allowed free access
to water and food (laboratory rodent diet, labdiet 5001, USA).
After acclimatization, mice were divided into weight-matched
groups. In the first experiment (experiment A), mice were
inoculated subcutaneously (s.c.) with the suspension of line-1
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tumor cells (1x10%) on day 0. A control group was injected with
0.1 ml of sterile saline solution. The second experiment (experi-
ment B) was designed to test the effect of single or combined
nutrients added to the background diet (addition of fish oil (fo)
and/or selenium yeast (se)). Supplementation was administered
orally with experimental diet (1 g/mice/day) after inoculation of
5x10* tumor cells, while the control mice received background
diet (I g/mice/day). After inoculation of tumor cells or PBS, body
mass, food intake and tumor size were measured four times a
week. Tumor growth was assessed using a caliper: recording the
inner diameter between the two rulers for each tumor. The tumor
volume was calculated using the following equation: tumor volume
(mm®) = width xlength®/2. Animals were sacrificed by the CO,
inhalation method on day 35 (experiments A) and 42 (experiments
B). Organs were removed and weighed, and stored at —20°C for
further analysis. The experimental procedures were approved by
the Animal Ethical Committee and followed the principles of good
laboratory animal care. The animal experiments also complied
with the guidelines for the maintenance and handling of
experimental animals established by the Institutional Animal Care
and Use Committee (IACUC) of the National Taiwan Ocean
University of College of Life Sciences (permission number: 99014).
The carcass weight was calculated by subtracting the tumor weight
from the body weight. Final body weight gain was calculated from
the difference between the carcass weight and its initial weight.

Experimental diets (category B experiment)

The mice in the category B experiment were daily supplement-
ed with 63 mg fats (100% soy oil), 514 mg carbohydrates and
194 mg proteins as a background diet (Ethan Nutraceutical
Company Ltd., USA). The experimental diets included additional
20 mg fish oil (contained 11 mg EPA and DHA) and/or 0.69 pg
selenium yeast. Fish oil and selenium yeast were obtained from
Ethan Nutraceutical Company Ltd. (USA). Mice were divided into
five weight-matched groups: 1) Control receiving background diet
(Con); 2) tumor-bearing mice receiving background diet (TB-Con),
3) tumor-bearing mice receiving background diet plus fish oil (I'B-
fo), 4) tumor-bearing mice receiving background diet plus
selenium yeast (TB-se), and 5) tumor-bearing mice receiving
background diet plus both fish oil and selenium yeast (TB+fo+se).

Levels of serum albumin and cytokines

The levels of serum albumin were measured for experimental
mice using the SPOTCHEM EZ SP-4430 dry chemical system
(Arkray, Kyoto). Cytokines in serum were measured using the
OptEIA™ ELISA Set (BD, Canada, USA) for mouse TNF-o,, IL-
6 and IL-1B. Optical density was recorded using a pQuant
spectrophotometer (Bio-Tek Instruments, Winooski, USA).

Splenocyte isolation and flow-cytometric analysis
Splenocytes were isolated by centrifugation (300 g); red blood
cells were lysed using the Gey’s reagent (0.829 ¢ NH4Cl, 0.1 g
HCO; and 3.72 mg Na,EDTA in 100 ml ddH,O). For
determining phenotypes of splenocytes isolated from spleens, cells
were stained with an appropriate combination of anti-CD3e
(100306; Biolegend), anti-CD4 (100516; Biolegend), anti-CD8a
(100714; Biolegend), anti-CD19 (115508; Biolegend), anti-Gr-1
(108416; Biolegend), anti-Ly6G (127613; Biolegend) or anti-
CD11b (101212; Biolegend) after blocking of the Fc receptor with
anti-CD32/CD16 (BD Biosciences) at 4°C. For T regulatory cells
staining, cells were incubated with anti-CD4 and anti-CD25
(102006; Biolegend) for 30 minutes, followed by fixing in 2%
paraformaldehyde, permeabilizing with Perm/Wash buffer (BD
Biosciences), and staining with anti-Fox-p3 (320008; Biolegend).
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For determining NK cytotoxicity, cells were isolated from mouse
spleens (regard as effector cells). The target cells (line-1 and YAC-
1) were stained with DIOC18 (10 pl per 1x10° cells) for 20 min at
37°C.. The cells then were washed twice with a buffer solution and
then resuspended in a complete culture media at a concentration
of 1x10° cells/ml. The target and effector cells (splenocytes) were
prepared by making co-cultured cells in ratios of E:T =5:1, 20:1,
and 40:1. These co-cultures were incubated for 4 hours, and
centrifuged at 250 g for 5 min through alternate washes and
suspensions; supernatants were discarded. The cells then were
labeled with propidium iodide (PI, 2 ul/per test) and incubated at
room temperature in dark. Analysis was performed using
FACScan (BD Biosciences). For characterization of cell types, a
large gate was set to include monocytes and lymphocytes for
forward scatter vs. side scatter.

RNA extraction and RT-gPCR

Total tumor RNA was extracted with a commercially available
RNA mini kit (Qiagen); cDNA was synthesized using the M-MLV
reverse transcriptase (Promega) and the oligo-dT15-primer
(Promega). Real-time qPCR primers were designed using the
Primer3 webware; electrophoresis was performed to verify DNA
products. Reactions were run on the Bio-Rad iCycler iQ) system in
the presence of the Sybr-Green PCR mix (iCycler iQ) Real Time
PCR Detection System, Bio-Rad). The comparative threshold
cycle (CGt) method was used to calculate the relative expressions
[18]. For quantification of gene expressions, the values of target
genes were normalized by the value of the endogenous reference
GAPDH. The quantity of the target gene relative to a calibrator
(normal pool expression) is given by: 9 TAAC [ACt = C-r(target
gene)—C(GAPDH); AAC=Cry for any sample—ACy for the

calibrator].

Protein extraction and Western blotting

Proteins from tumors were extracted with a buffer solution
(20 mM Tris-HCL, pH 7.5, 2 mM ATP, 5 mM MgCl,, 1 mM
dithiothreitol (DTT), and 5 puL. of a protease inhibitor cocktail
(Sigma)). Proteins (20 pg/lane) were separated on a 12.5%
polyacrylamide gel (a precast SDS gel (Bio-Rad)) and then
transferred to a polyvinylidene difluoride membrane (Immobilon,
Millipore). Proteins were determined using antibodies against
mouse VEGF (1:500, Novus, USA), mouse Cytochrome ¢ (1:200,
Santa Cruz Biotechnology), mouse caspase 8, 7, 3 (1:200, Santa
Cruz Biotechnology). The antibodies then were stripped off the
membrane and re-probed with a specific antibody against B-actin
(1:5000, Novus Biologicals). The intensity was quantified using the
Fotodyne Image analysis System (Fotodyne, Hartland, WI, USA)
and the TotalLab software (Nonlinear Dynamics, Durham, NC,
USA).

Immunofluorescence assay

Paraffin sections were blocked by a blocking buffer for 1 hour at
room temperature and stained with a specific primary antibody at
a dilution of 1:200 for 24 hours. The primary antibody was
washed using PBS. The sections then were stained with a specific
secondary antibody at a dilution of 1:100 for 24 hours at room
temperature and washed with PBS. The primary antibodies used
here are listed as follows: rabbit anti-mouse IL-1p (Novus, USA),
rabbit anti-mouse IL-6 (Santa Cruz, USA), rabbit anti-mouse
VEGF (Santa Cruz, USA) and rabbit anti-mouse TINF-o0 (Santa
Cruz, USA). The secondary antibody was the FITC-conjugates
goat anti-rabbit IgG (Sigma, USA).
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Effects of spleen cells from large-tumor-bearing animals
on the activity of CD8* CTL

To determine the suppressive activity found in splenocytes from
tumor-bearing animals, we used the modified Winn assay [19].
Briefly, CD8" T cells with the spontancous anti-tumor lysing
activity were first isolated from spleens of mice bearing small line-1
tumors using the BD IMag™ system (BD Biosciences). The
resultant cells were estimated by flow cytometry to have >90%
CD8" cells (data not shown). These CD8" T lymphocytes were
mixed with viable line-1 tumor cells and spleen cells from mice
bearing large tumors, which were supplemented with either
background or experimental diets 28 days before isolation. To rule
out the influence of T cells on antitumor activity, T-cell subsets
were depleted from spleen cells by using CD4 and CD8 magnetic
beads according to the supplier’s protocol (BD Biosciences). The
ratios of cells were determined to be 3 purified CD8" splenocytes
and 18 spleen cells vs. 1 tumor cell. A mixture of cells (containing
5%10° tumor cells, 15x10° CD8" T cells, and 90 x10” spleen cells)
was inoculated into the flanks of naive mice. The ratio for CD8" T
cells vs. tumor cells has previously been optimized for detecting
positive and negative effects [19]. The growth of tumor was
measured after 28 days, which was expressed as the mean * SD of
at least three mice per group.

Statistical Analysis

Data were expressed as means * SD. Statistical significance was
determined by one-way ANOVA through the Bonferroni’s
multiple comparison test (Prism Graph Pad). Differences were
considered statistically significant when P<<0.05.

Results

Cachexia parameters in tumor-bearing mice

In experiment A, mice were divided into two groups, severe and
moderate cachexia. The former was defined as those with body-
weight loss >10%. Carcass weights in tumor-bearing mice (TB)
were significantly less than those in control mice (Con). Final body-
weight gain was estimated around 10.2% in normal mice. Body-
weight loss therefore can be used to index the tumor-induced
cachexia in TB mice. Body-weight loss was estimated about 5.6%
in moderately cachectic mice as opposed to 19.1% in severely
cachectic mice (data not shown). Loss of muscle and fat masses
(e.g., epididymal fat) accounted for the major loss of body weight
(Table 1A). Though anorexia usually comes with cancer cachexia,
food intakes between the experimental and the control however
made no difference (data not shown). Since inflammation and
hypoalbuminemia are two main diagnostic indices for cachexia
[20], 'TB mice was subjected to serum albumin analysis. The level
of serum albumin was found decreased (Table 1B), where the
levels in severe cachectic mice were significantly lower (P<<0.05,
Cancer™°%™ v, Cancer®V*™) than those of moderate, suggesting
hypoalbuminemia is closely associated with weight loss. Serum
TNF-a and IL-6 increased otherwise in the group with severe
cancer when compared to those of control, whereas IL-1 still kept
steady among groups (T'able 1B).

Lung cancer up-regulates immunosuppressive cells in
mice

Most organ (wet) masses, including kidney, liver, intestine, heart
and thymus, were almost unchanged; only slightly decreased in
those with cachexia development. In contrast, the sizes of spleens
in TB mice were 1.5 times larger than those in control (Table 1C).
The volumes of spleens grew perhaps as a result of mass
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Table 1. Physiological cachectic and immune parameters (experiment A).

(A) Body, tumor and organ weights

Treatment N BW(g) TW (g) CW (g) eWAT (mg) mG (mg)
Con 5 28.8+1.9 0.0£0.0 28.8+1.9 362.8+71.8 180.0£36.7
TgModerate 5 28.0£2.1 4.1x1.4 23.9£1.2%** 275.7+£53.8% 150.3+21.9
Toevere 8 30.8+3.3 83+3.1" 22.5+2.8%* 116.7%50.5%**," 134.229.1%*
(B) Cachectic parameters

Treatment N Albumin (g/dl) TNF-a (pg/ml) IL-6 (pg/ml) IL-1B (pg/ml)
Con 5 2.90%+0.09 30.6+4.3 14.0+3.4 18.5*+6.4
TgModerate 5 2.200.05%** 69.4+11.7 19.4%52 23.4+6.2
TgSevere 8 1.98+0.03%**,T 98.8+£19.2%* 27.8+4.8%* 28.2+8.0

(C) Immune parameters

Treatment N Thymus (mg) Spleen (mg)

Con 5 42.8+%7.2 154.6+36.0

TRz 5 30.3+6.0** 228.0£52.7**

TBSevere 8 21.7£3.6%** 257.5£50.4%**

*p<0.05,

**p<0,01,

***p<<0.001 presents significant differences from Con mice.
fp<0.05 presents significant differences from Cancer'oderate
doi:10.1371/journal.pone.0052912.t001

mice.

proliferation of splenic cells (Fig. 1A). Previous studies have
revealed that the CD4*/CD8" ratio for lymphocytes of peripheral
blood and peritoneal fluid seems helpful in monitoring disease
progression in ovarian or breast cancer patients [21,22]. Our data
agreed with this notion, as the cell ratio of CD3'CD4" to
CD3*CD8* T cells increased in TB mice (P<0.05, Fig. 1C)-the
number of CD3" in the spleens of TB mice increased (Fig. 1B), but
the CD3"CD8'T cells did not increase (Fig. 1C). We further
assessed the CD4"CD25 Fox-p3* Tregs in spleens of TB mice. As
shown in Fig. 1D, the number of CD4"CD25 Fox-p3* Treg
significantly increased (P<<0.05). On the other hand, MDSC was
recently identified to be CDI1b*Gr-1*, which was found
significantly increased in a number of cancers, including head-
neck, pancreatic, HCC, renal, and breast cancers [23]. The
average number of CDI1b"Gr-1" cells in the spleens of naive
BALB/c mice was measured to be 1.8+0.2x10° (Fig. 1E).
Corresponding cells in TB mice also markedly increased, in
which the CD11b*Gr-1" cells accounted for 13.9% of the spleen
cells, equivalent to 20.2+1.7x10° CDI11b*Gr-1* cells in a
moderate tumor (4.1 g), an 1l-fold increase (**P<<0.01 versus
non-tumor-bearing animals) (Fig. 1D). Fig. 1 demonstrates that
splenomegaly in TB mice is positively correlated to the total
numbers of CD4"CD25 Fox-p3* Tregs plus CD11b"Gr-17 cells.

Fish oil and selenium yeast inhibit tumor growth and
attenuate cachectic symptoms

All physiological parameters (i.e. weights of liver, kidney, spleen,
and uterine) in non-tumor-bearing mice (Con) (receiving normal
experimental diet) did not display apparent side effects. Addition
of fish oil (T'B-fo) or selenium yeast (I'B-se) in the background diet
also did not alter body compositions (Table 2A). However,
addition of fish oil plus selenium yeast (ITB+fo+se) significantly
increased the delta weights of carcass, fat (epididymal) and muscle
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BW =body weight, TW =Tumor weight, CW = Carcass weight, eWAT = epididymal White Adipose Tissue, mG = muscle Gastrocnemius. Data represent mean =+ SD. for
n=15-16 mice/group and were pooled from three independent experiments. Statistical significance was determined by one-way ANOVA.

(mTA) when compared to those in TB-Con (Table 2A). On the
other hand, the tumor weights in the mice treated with either fish
oil or selenium yeast made no big difference from those in the mice
treated with vehicle control. Interestingly, the tumor weights in the
mice treated with both (fotse) were ~58% less than those in
control, suggesting the combination of fish oil and selenium yeast
acts synergistically in suppression of tumor growth (Table 2A).

In contrast to TB-Con, the diet with fish oil and selenium yeast
improved hypoalbuminemia in TB mice (Table 2B). Addition of
either nutrient in diet reduced serum TNF-o; this effect was
fortified by addition of both nutrients (Table 2B). One should note
that there was no difference among groups in terms of food intakes
(Table 2C), and that the tumor-induced cachectic symptoms were
more severe in experiment A than those in B. Since TB mice
received the background diet in the experiment B, these
improvements were ascribed to as a result of addition of the
nutrients in the diet.

Fish oil and selenium yeast down-regulate

immunosuppressive cell population

To examine whether the anti-tumor activity of the nutrients is
through inhibiting tumor growth, the indicative immune param-
eters in the spleens or peripheral lymph nodes (PLN) of TB mice
were measured (Fig. 2 and S2). First, we found spleens were
markedly prevented from enlargement (Fig. 2A), in line with that
the number of splenic cells decreased in the group receiving the
combination of fish oil and selenium yeast (Fig. 2B). Second, we
examined populations of suppressive immune cells. The cell
numbers of CD3"CD4*, CD3*CD8", CD4*CD25"Fox-p3*, and
CD11b*Gr-1" in the spleens of TB-Con were determined using
flow cytometry. As shown in Fig. 1 and 2, the cell populations of
CD4"CD25"Fox-p3" Tregs and CD11b*Gr-1" MDSC, and the
cell ratio of CD3*CD4"/CD3"CD8" are relatively higher in the
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Figure 1. Immunological functions in tumor-bearing mice (experiment A). Mice were s.c. injected with 1x10° line-1 cells. After 35 days,
tumors were harvested and splenocytes were extracted and analyzed by flow cytometry. A, Numbers of splenocytes in normal and tumor-bearing
mice (n =15 mice/group pooled from three independent experiments). B, Flow cytometry analysis of CD3* T, CD19" B, CD3*CD4" and CD3*CD8" T
cells in spleen. C, the ratio of CD3"CD4" T cells/CD3*CD8" T cells in spleen. D and E, the numbers of CD4*CD25*Fox-p3* Treg (C) and CD11b*Gr-1*
MDSC (D) cells in spleens of normal and tumor-bearing mice. Data show mean = SD. for n=12-13 mice/group and were pooled from three
independent experiments. One-way analysis of variance (ANOVA), *p<<0.05, **p<0.01, and ***p<0.001 denote levels of significant differences

between groups.
doi:10.1371/journal.pone.0052912.g001

TB-Con mice in comparison to those in Con mice. One may
speculate that the background diet may have some degree of anti-
tumor activity, but the fact is the populations of CD4"CD25 Fox-
p3" Tregs and CD11b*Gr-1" MDSCs in TB mice are much
higher than those in TB-Con mice (Fig. 2E). The cell numbers of
MDSC decreased in the spleens and PLN of the group orally
administrated with either fish oil or selenium yeast, while they
were further lowered down in the group supplemented with the
both nutrients (Fig. 2F and S2). By contrast, the overall number of
CD19" B, CD3'CD4" T, CDI1b'Gr-1~ macrophage,
CDI11b*Ly6G* monocyte and the ratio of CD3*CD4"/
CD3*CD8* did not fluctuate in spleen or PLN in the group
receiving the combined nutrients (TB+fo+se) (Fig. 2C, D and S2).
This result suggests that the combination of fish oil and selenium
yeast may be specific to Tregs and MDSCs.

Combination of fish oil and selenium yeast down-
regulates tumor-associated MDSCs suppressive
mediators

It has been known that the accumulation and activation of
MDSCs are driven by a multitude of factors, many of which
provoke chronic inflammation [24]. Whether the fish oil and/or
selenium yeast mediated-tumor inhibition results from reduction
of immunosuppressive cells, the modulation of proinflammatory
mediators was examined. As shown in Fig. 3A and B, the levels of
TNF-o and COX-2 significantly decreased in the TB mice treated
with fish oil alone (TB+fo), whereas IL-1B decreased in the mice
treated with selenium yeast (TB+se). The expressions of IL-1f, IL-
6 and TNF-a were also analyzed using fluorescence microscopy
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(Fig. 3C). The expressions of IL-6 andTNF-o dropped 1.7 and 2.1
folds respectively in comparison to those in the TB-Con mice.

It has been well documented that chronic inflammation
promotes tumor onset and development by angiogenesis, anti-
apoptosis, and stimulates tumor cell proliferation and metastasis
[24]. Previous studies have also demonstrated that VEGF or its
receptors are up-regulated in many human cancers [25]. In this
study, the mRNA and protein levels of VEGF significantly
reduced in the TB mice treated with fish oil (Fig. 3). Selenium
yeast did not affect the expression of VEGF in the TB tumors. On
the contrary, it showed a strong apoptotic effect (Fig. 3D). We
suggested the selenium yeast-induced apoptosis is through
activating the caspase cascades of mitochondria and the Fas/FasL
pathway.

Fish oil and selenium yeast attenuate

immunosuppression on CD8" CTL

Spleen CD11b*Gr-1% cells in some TB mice were reported able
to suppress CD8" T cell activation [26]. Since the immunosup-
pressive cell populations in spleens can be reduced by fish oil and
selentum, we considered that equal cell numbers of splenocytes
from TB-Con mice should theoretically be more suppressive than
corresponding splenocytes from the TB+fo+se mice. This hypoth-
esis was tested using the modified Winn assay, whereby the
activities of anti-tumor CD8" cytotoxic T lymphocyte (CTL) were
compared with the presence of splenocytes from the treated or
non-treated mice [27]. One should also note that the mice bearing
line-1 tumors would spontaneously develop CD8* T cells in
spleens that have a specific and potent tumor lytic activity. As
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expected, tumor growth was markedly inhibited after 28 days in
the group injected with splenocytes from the TB+o+se mice as
opposed to that with the naive splenic CD8* T group (*P<0.05,
Fig. 4A). To determine the suppressive effect of CD11b"Gr-1*
cells on the CD8* CTL activity, line-1 cells were mixed with active
CD8" CTLs along with spleen cells from naive mice or TB mice,
or the TB mice treated with fish oil and selenium yeast for 28 days.
As shown in Fig. 4A, when the given ratio of splenocytes from
native or tumor-bearing mice were mixed with CD8" T cells, the
tumor growth inhibitory effect of CD8* CTLs faded away
(**P<0.01, Fig. 4A), wherein tumor cells grew as fast as line-1
cells implanted alone. However, when splenocytes from TB mice
receiving the combination of fish oil and selenium yeast were
mixed with the line-1 cells plus CD8" CTLs, the CD8" CTLs
retained the growth inhibitory activity (**P<<0.01, Fig. 4A). To
rule out a possible influence of T cells in the spleen of the
TB+fo+se mice on activation of anti-tumor activity, CD4* and
CD8" T cells in splenocytes were subjected to depletion by
magnetic activated cell sorting, whereby the TB mice with
depletion of the T-cell subset and with treatment of fish oil and
selenium yeast (TB+fo+se) indeed presented stronger anti-tumor
activity (*P<0.05, Fig. 4B).

Next, we evaluated the effect of the combined nutrients in the
TB mice (I'B+fo+se) on the cytotoxicity of endogenous NK cells
versus target cells line-1 and YAC-1. Two fluorescent dyes,
DIOC18 and PI, were used to stain cells. An E/T ratio of 40/1

PLOS ONE | www.plosone.org

Table 2. Effect of the specific nutritional combination (SNC) on physiological cachectic parameters (experiment B).

(A) Physiological cachexia parameters

Treatment N BW (g) TW (g) CW (g) Delta CW eWAT (g) mG (g)

Con 5 27.8+1.8 0.00.0%** 27.8+1.8 11.8£5.0%** 387.8£58.5%** 204.0£33.6%**
TB-Con 6 28.5%1.1 57%22 22.7%1.8 —10.0+6.0 112.9£63.2 131.4+32.4
TB+fo 6 27.7%2.1 3.7%16 240%1.0 —45+28 188.3+50.0 171.7+24.8
TB+se 6 27.5%2.1 42+24 233*15 —7.2*57 176.7+58.2 151.5+17.1
TB+fo+se 10 27.7%1.8 24+1.9% 253%19 0.3+5.2% 235.7+£64.3** 182.9+18.0**
(B) Cachectic parameters

Treatment N Albumin (g/dl) TNF-o (pg/ml) IL-6 (pg/ml) IL-1B (pg/ml)

Con 5 3.02+0.08*** 33.3£3.7%%* 13.1£4.7 20.3£5.3

TB-Con 6 2.40*0.08 68.8+3.8 16.4+5.3 25.3*6.2

TB+fo 6 2.51%0.05 54.0+3.5%* 14.0+4.9 23.1+6.6

TB+se 6 2.55*+0.07 60.8+4.3* 15.4+4.7 21.6*+7.8

TB+fo+se 10 2.64*+0.10** 49.7 £3.8*** 13.0£4.6 21.8£5.9

(C) Food intake in time (gram per day)

Treatment N Day 1 Day 10 Day 20 Day 30 Day 41
Con 5 4.8 4.2 4.6 5.1 4.8

TB-Con 6 4.9 43 4.0 45 3.8

TB+fo 6 4.6 4.0 43 4.8 42

TB+se 6 4.7 39 44 4.8 43
TB+fo+se 10 4.8 4.5 4.6 44 45

Con =mice receiving control diet, TB-Con =tumor-bearing mice receiving control diet, fo=fish oil, se =selenium yeast, BW =body weight, TW =Tumor weight,
CW =Carcass weight, delta CW=CW day 42 minus CW day 0, eWAT = epididymal White Adipose Tissue, mG =muscle Gastrocnemius, Data represent mean = SD. for
n=15-16 mice/group and were pooled from three independent experiments. Statistical significance was determined by one-way ANOVA.

*p<<0.05,

**p<0.01,

**%n<0.001 presents significant differences from TB-Con mice.

doi:10.1371/journal.pone.0052912.t002

reached the maximal efficacy on NK cytotoxicity in the TB+o+se
group, wherein around 28% of the line-1 and YAC-1 cells were
stained with PI (**P<<0.01, Fig. 4C and 4S) when compared to
those in the TB-Con group. As a result, the activities of CD8"
CTL and NK cells were inhibited in the TB mice; however, the
activities can be restored to a significant extent when the cell
numbers of CD11b*Gr-1* were lowered down by supplementing
the TB mice with the combination of fish oil and selenium yeast.

Discussion

Cachexia is an ensemble of illness, manifestations with loss of
lean body and fat masses, metabolic abnormality, inflammation,
and impaired immune function, anorexia, etc. Some animal
models have been developed for the cancer cachexia study. For
example, C-26 and MAC16 colon adenocarcinoma tumor-bearing
mice were the most known models, while the major disadvantage
in these models 1s the developed tumor masses only 3% of body
weight [28]. Lung cancer is the cancer that is most often
complicated with cachexia [29]; no animal model was available
for exploring the lung cancer-induced cachexia. In this study, a
purpose-oriented mice model with murine lung carcinoma (line-1)
that develops progressive cachexia was validated, in which carcass,
muscle and fat weights (Table 1A, experiment A) grow signifi-
cantly under a normal food-intake condition.

Weight loss, lean body mass decrease, and hypermetabolism are
highly correlated to both the elevated levels of proinflammatory

January 2013 | Volume 8 | Issue 1 | €52912



Nutrients Can Modulate Immunosuppressive Functions

(A) 3004 (B)10° - * .
A 10& ddkdk
=) 8 407
é o € 10s
= 200 310
'g, kkk 7] 105
= [}
g T £ 104
2 3
S 1004 e 10
o o 102
=3 [+
w w 101
ol 10° T
Con TB-Con TB+fo TB+se TB+fo+se Con TB-Con TB+fo TB+se TB+fotse
(9] -
. (D)
5. Wi
£10 0 5 354
S O v
c % £ 3.0-
o E
210 6 2 25
=S 2%
o < - 2.0
<} Qo
$10° 2 5 154
a ao 1.04
® o
104 ] E, 0.5
== 0,04
SR £ 0 2 2SR F PSP P - TBifo  TBise TB+fo+se

C:g, O L j%)
«‘3’0@ LS <% ‘bt@ «‘*"0\0 4947&9
q’ G VR TG GV SV

cp19* cbp3*cpa’ cbp3‘cps* cD11b*Gr-1° CD11b*Ly6G"
+
(E) 1o 107 * ( A 108 *k s
™ % e 7
8 © 108 e Fy 10 Hkk
oo 2 c 108
<+ %105 o
Qc a2 408
O W 104 o %
6 w - 104
o c
5 108 o
aF go 10
E 'n10% E 3 102
S o S
= 101 e 10!
1]
SRLST 1 F 100l
Con TB-Con TB+fo TB+se TB+fo+se Con TB-Con TB+fo TB+se TB+fo+se

Figure 2. Effects of single or combined nutrients on tumor induced immune suppressions in spleens (experiment B). Mice received
single or combined nutrients for 42 days after tumor inoculation. The whole spleens were homogenized and analyzed for expressions of cell surface
markers and intracellular markers by flow cytometry. A and B, Effects of single or combined nutrients on spleen weights (A) and splenocytes numbers
(B). C, Flow cytometry analyses of CD19" B, CD3"CD4* T, CD3*CD8" T cells, CD11b*Gr-1~ macrophages and CD11b*Ly6G" monocytes in spleens. D,
The ratios of CD3"CD4" T cells/CD3*CD8" T cells in spleens. E and F, Cell numbers of CD4"CD25*Fox-p3* Treg (E) and CD11b*Gr-1" MDSC (F) in
spleens of normal and tumor-bearing mice. Data show mean * SD. for n=14-15 mice/group pooled from three independent experiments. *p<<0.05,
**p<<0.01, and ***p<<0.001 represent levels of significant differences from TB-Con mice.

doi:10.1371/journal.pone.0052912.g002

cytokines, such as IL-1P, IL-6 and TNF-o and the decreased level hypoalbuminemia. Additionally, the level of tumor-induced
of albumin in lung cancer patients [30]. EPA and DHA that TNF-oo decreased in the group treated with the combined

inhibit production of IL-1f and TNF-a of human monocytes have nutrients, which pretty much agrees with previous investigations.
been demonstrated in cell-culture studies [31]. Endres et al. [32] One should note that the tumor induced cachectic symptoms were
evaluated the effect of addition of fish-oil into a normal Western more serious in experiment A than in B, because the tumor-
diet in healthy volunteers, showing that productions of IL-1f, IL- bearing mice in the category B experiment received background
loe and TNF can restore to the pre-supplement level in the end of diets only, suggesting the background diet may have certain degree
supplementation. Moreover, the streptozotocin-induced diabetic of the anti-tumor effect.

mice treated with selenium resulted in suppressions of proin- That spleens underwent enlargement in the TB mice in fact is
flammatory cytokines IL-1f and TNF-a [33]. The level of IL-1 similar to those from other model studies [34]-the spleen
was not significantly altered in this study, while the serum levels of enlargement is result of the immune system in response to tumors.
TNF-o and IL-6 did increase (Table 1B, experiment A). This The line-1 cells grow faster in mice in spite of provocation of
discrepancy may be ascribed to the sensitivity of the method used, strong immune responses, suggesting anti-tumor activity is
a short half-life and/or diurnal fluctuations of IL-1B. In mnhibited. It has been well documented that MDSCs and Tregs
experiments B, the combination of fish oil and selenium yeast accumulate considerably in both tumor and secondary lymphoid

demonstrated a significant effect on the body index and tissues [4,5]. In our study both Tregs and MDSCs significantly up-
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Figure 3. Combination of nutrients modulates tumor-induced cachexia and immunosuppression factors (experiment B). A, mRNA
levels of cachexic and immunosuppression factors in tumors with treatment of the nutrients combination. Values are means of fluorescence signals
expressed as percentages (normalized to GAPDH mRNA). Data show mean = SD. for n=10-12 mice/group pooled from three independent
experiments. B, Tumors (n=10 mice/group pooled from three independent experiments) were homogenized for determining proinflammatory
mediators by ELISA. C, Immunofluorescence analysis for untreated (TB-Con) and treated lung tumors stained with IL-1p, IL-6, TNF-o and VEGF. Images
are shown at x100 magnification. Immunostained expression levels of immunosuppression proteins that were quantitated using Image Pro Plus 6.0
software (Media Cybernetics Inc., New York, USA). Data show mean = SD. for n=7-8 mice/group pooled from three independent experiments. D,
VEGF and apoptosis-associated proteins in tumors from above that were Western blotted using appropriate specific antibodies. Tumor(+)Background
diet(—)Fish oil(—)Selenium(—) indicates “in vitro cultured tumor cells”. Data show n=10-12 mice/group, and mean = SD. is representative of results

from three independent experiments. *p<<0.05, **p<<0.01, and ***p<<0.001 stand for levels of significant differences from TB-Con mice.

doi:10.1371/journal.pone.0052912.g003

regulated in TB mice are well correlated with tumor burdens.
Systemic accumulation of MDSCs and Tregs is often associated
with poor prognosis and immunosuppression. This study agrees
with this notion-natural killer (NK) and CD8" T cells are
suppressed in spleens of animals bearing tumors. On the contrary,
CD8" T cells and activated NK cells significantly increased, likely
as a result of decrease of MDSCis and Tregs upon treating animals
with the combined nutrients (Fig. 4). This outcome strongly
suggests that the combination of fish oil and selenium yeast has an
in vivo immunomodulatory effect on lung carcinoma.

MDSCs accumulation and activation have been known deriving
from multiple factors, many of which are related with chronic
inflammation. For example, the inflaimmation-associated VEGF
was reported in association with accumulation of MDSCs [35]. In
this study the levels of TNF-a, IL-6, COX-2 and VEGF in tumor
microenvironment were reduced by virtue of addition of fish oil
(Fig. 3). This result is well in line with that omega-3 polyunsaturated
fatty acids (PUFAs) down-regulate COX-2, TNF-o and VEGF in

PLOS ONE | www.plosone.org

microphages or tumors [36]. Thereby, it is plausible to propose that
the reduction of immunosuppressive cell populations mediated by
fish oil is likely through attenuating expressions of inflammatory
cytokines and VEGF. Besides, peanut oil (which is rich in omega 6)
was used to compare with fish oil; the latter was proved to have
better anti-tumor and anti-cachexia effects (Fig. S3).

Selenium required for proper functionality of macrophages and
T lymphocytes should play an important role in anti-inflammation
[37]. Zeng et al. [45] similarly reported selenium supplementation
can enhance caspase-dependent apoptosis in tumors. Administra-
tion of selenite has been reported to increase IL-1B mRNA
expressions in pancreas in diabetic model mice [38]. On the other
hand, IL-1P was reported able to promote angiogenesis [39] as well
as enhance accumulation of splenic MDSCs [40] by suppressing
NK cell development and functioning [41]. IL-1B-converting
enzyme (ICE), known as caspase-1, is a protease in converting
inactive IL-1P to active [42], and is known to inhibit activation of
apoptosis [43]. Selenium recently was reported capable of inhibiting
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Figure 4. Dietary supplementation with combined fish oil and selenium yeast reduces immunosuppressive activity of spleen cells
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tumor-bearing mice (n=9-10 mice/group from two independent experiments) on endogenous CD8" T cell activity. B, Dietary supplementation with
fish oil and selenium yeast was shown to enhance the CD8" CTL activity even after depletion of CD4— and CD8— specific T cells in splenocytes. Data
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or without addition of fish oil and selenium yeast. After sacrifice, splenocytes from BALB/cByJ mice were used as the effector cells to test the
protective effect of experimental diets for the NK-associated cytotoxicity against target cells (line-1). Data show mean = SD. of n=7-8 mice/group
and are representative of results from three independent experiments. *p<<0.05, and **p<0.01 denote levels of significant differences between
groups.

doi:10.1371/journal.pone.0052912.g004

caspase-1 activation [44], so as to suppress tumor angiogenesis [45]. selenium yeast together are able to reduce the number of
We found that the treatment of selenium yeast truly can neutralize suppressor cells in the spleens of animals bearing tumors but have
expression of IL-1f (Fig. 3). Therefore, selenium may limit MDSCs no influences on B cells, monocytes, and macrophages. The
accumulation through mediating the level of IL-1B. The NK cell significant decline of the suppressor cells is likely as a result of
activity in the splenocytes from the TB mice treated with fish oil and increase of anti-tumor CD8* T cells and activated NK cells.
selenium yeast was similar to those from normal mice, likely through

reducing the number of myeloid suppressor cells. Supporting Information

In summary, we have established an immunocompetent lung
carcinoma mouse model that facsimiles human lung cancer. The
line-1 tumor cell-induced cancer cachexia presents typical
characteristic symptoms, including muscle wasting, chronic
inflammation, disturbed immune function, but no anorexia. This
model enabled us to gain further insights into the immune
responses of lung cancer in the presence/absence of fish oil and/or
selenium yeast. Experimental results concluded that fish oil and

Figure S1 Protocols for lung cancer-induced cachexia in
mice and nutritional supplementation in tumor-bearing
mice. A, In the experiment A, BALB/cBy]J mice (6-7 weeks) were
inoculated subcutaneously (s.c.) with a homogenate of line-1 tumor
cells (1x10°) on day 0. The control group was injected with 0.1 ml
of sterile saline solution. Mice are sacrificed and analyzed 35 days
after tumor inoculation. B, In the experiment B, the supplements
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were administered orally with experiment diet (1 g/mice/day)
after 5x10* tumor inoculation, while the control mice received
background diet (1 g/mice/day). Mice are kept on experiment
diets until sacrifice and analysis at 42 days after tumor inoculation.

(TTF)

Figure S2 Effects of the combined nutrients on tumor
induced immune suppressions in peripheral lymph
nodes (experiment B). The combined nutrients were fed to
mice for 36 days after tumor inoculation. PLN were homogenized
and analyzed for CD19" B, CD3"CD4" T, CD3*CD8" T cells,
CD4"CD25"Fox-p3" Tregs and CD11b*Gr-1" MDSC in normal
and tumor-bearing mice. Data show mean * SD. of n=7-8
mice/group and are representative of results from two indepen-
dent experiments. *p<<0.05, **p<<0.01, and ***p<<0.001 represent
levels of significant differences among TB-Con mice.

(TTF)

Figure S3 Effects of fish oil and peanut oil on tumor
growth. Mice bearing line-1 tumors were treated p.o. with
150 mg/day of fish oil or peanut oil, and sacrificed by COq
inhalation method on day 42. Data show mean * SD. of n=10
12 mice/group and are representative of results from three
independent experiments.

(TIF)
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Figure S4 Effect of the combined nutrients on NK
cytotoxicity in the spleen of BALB/c mice. Tumors in
mice (n=6-7 mice/group) were intervened with or without
addition of fish oil and selenium yeast. After sacrifice, splenocytes
from BALB/cBy] mice were used as the effector cells to test the
protective effect of experimental diets for the NK-associated
cytotoxicity against target cells (YAC-1). All values are means =*
SD. *p<0.01 denote levels of significant differences between

groups.
(TIF)
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