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Abstract

Epidemiological and laboratory data support the protective effects of bioactive nutrients in our
diets for various diseases. Along with various factors, such as genetic history, alcohol, smoking,
exercise, and dietary choices play a vital role in affecting an individual’s immune responses
towards a transforming cell, by either preventing or accelerating a neoplastic transformation.
Ample evidence suggests that dietary nutrients control the inflammatory and pro-tumorigenic
responses in immune cells. Immunoprevention is usually associated with the modulation of
immune responses that help in resolving the inflammation, thus improving clinical outcome.
Various metabolic pathway-related nutrients, including glutamine, arginine, vitamins, minerals,
and long-chain fatty acids, are important components of immunonutrient mixes. Epidemiological
studies related to these substances have reported different results, with no or minimal effects.
However, several studies suggest that these nutrients may have immune-modulating effects that
may lower cancer risk. Preclinical studies submit that most of these components may provide
beneficial effects. The present review discusses the available data, the immune-modulating
functions of these nutrients, and how these substances could be used to study immune modulation
in a neoplastic environment. Further research will help to determine whether the mechanistic
signaling pathways in immune cells altered by nutrients can be exploited for cancer prevention and
treatment.

Graphic abstract

"To whom correspondence should be addressed: C. V. Rao, Ph.D., and N. B. Janakiram, Ph.D., Center for Cancer Prevention and Drug

Development; 975 NE 10th Street, BRC 1203 and BRC 1209; OUHSC, Oklahoma City, OK 73104 Tel: 405-271-3224 /Fax:
405-271-3225; cv-rao@ouhsc.edu; njanakir@ouhsc.edu.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Janakiram et al. Page 2

a; Dendritic cell
1Y T
(omamin)

T regulatory cell

|
T TH1T|cells

mnfr.201500884 - Prevention and Treatment of Cancers by Immune Modulating Nutrients

Immune modulatory effects of dietary nutrients during tumor growth: Several bioactive nutrients
enhance innate immune responses by increasing natural killer and CD8 cell cytotoxicity towards
inhibition of tumor growth. Nutrients levels are to be balanced to achieve immune responses to
modulate the tumor growth. Bioactive components of dietary nutrients enhance anti-inflammatory
cytokines and decrease T regulatory cells and enhance anti-tumor immunity. Overall dietary
nutrients inhibit tumor growth, invasion and metastases.

Introduction

Bioactive nutrient-induced immune system involvement in defense against cancer has been
explored for decades. Recent evidence suggests that nutrition plays an important role in
cancer development and progression. Animal data clearly demonstrated that the use of
bioactive agents isolated from foods modulated the immune system, where the nutrient(s)
can identify and eradicate tumors. These findings are supported by epidemiological human
data on the consumption of various foods and reduced risk for inflammation and cancer.
Although technology has developed to a point that we are able to study each individual
cytokine or immune cell’s function, it is difficult to demonstrate the powerful role of the
immune system in cancer prevention or treatment, due to tumor complexity or heterogeneity
in different patient populations. However, as research throws more light on interactions in
immune responses and cancer, novel prevention and therapeutic strategies that involve
modulation through bioactive agents can and will be developed.

Many bioactive components of food play an important role in immune functions [1-3].
Immune functions are indispensible for their protective roles against antigens or
transforming or transformed neoplastic cells. Specific bioactive agents affect cell-mediated
immune responses; this is evident from preclinical and clinical studies related to dietary
deficiencies of specific bioactive nutrients altering cell-mediated immune responses [4].
Tumor resistance depends upon the host’s innate immune responses, directed towards the
tumor-induced immunologic defense mechanisms [5]. In this review, we will discuss studies
detailing the tumor-induced immune evasion mechanisms involving macrophages, T-cells
and NK cells, and how bioactive agents, modulated these immune cells in reversing the
defense mechanisms developed by tumor cells. This review may stimulate future research
seeking novel bioactive agents from various natural sources. These agents may possess
immune-modulating properties, which may help to reverse tumor-promoting immune
checkpoint functions.
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We will discuss macronutrients that provide protection against tumors. These substances
include amino acids, lipids, the novel sea cucumber mixture frondanol A5, common
antioxidant vitamins, and minerals. Phytochemicals or isothiocyanates are also potent
immunomodulators. These macronutrients have a wide spectrum of impacts on the immune
system.

Altered metabolic pathways and their contribution to tumor cell survival or

inhibition

Arginine:
The amino acid L-arginine is a substrate of two enzymes, arginase and nitric oxide synthase,
which eventually produce nitric oxide (NO). Catabolism of L-arginine (Arg) by arginases,
which are overexpressed in cancer cells, results in ornithine. Ornithine, in turn, aids in the
formation of polyamines after it is conversion by ornithine decarboxylase (ODC).
Polyamines and arginine in particular are well known requirements for cancer cell
proliferation, especially when endogenous arginine synthesis is blocked by deficient
argininosuccinate synthetase expression [6-9]. Early studies showed that human lung and
colon carcinomas are usually positive for argininosuccinate synthetase [10]. Low
concentrations of arginine and its metabolite citrulline in the sera of patients with colorectal
cancer and higher concentrations of arginine and citrulline in the cancer tissues were
recently reported, indicating that arginine metabolism is higher in colon cancer tissues [11].
High arginine levels, either in the serum or in the tumor tissue, has been reported in patients
with various malignancies, including gastric, colon, breast, prostate, renal, and lung cancers
[12-15] (Fig. 1A).

As a precursor of NO, arginine plays a significant role in the signaling mechanisms related
to cancer biology. Tumor-associated macrophages promote tumor growth and suppress
immune cell functions by producing large amounts of arginase 1 and iNOS, resulting in
increased superoxide and NO production, inhibiting lymphocyte responses (Fig. 1A).
Accumulating evidence suggests that there are two facets of NO: it may act as both a tumor
promoter and a tumor cell inhibitor [16]. The dual role of NO in cancer depends on its
concentration and other associated factors. Although it is reported that physiologically high
concentrations of NO will suppress proliferation and differentiation of TH1, TH2, and TH17
cells, the physiologically low levels of NO in cancer patients are suggested to induce the
TH17 immune response that is mostly produced by myeloid-derived suppressor cells
(MDSCs) or by IL-1p/IL-6/1L-23. MDSCs and/or these cytokines supported the
development of RORyt(Rorc)*I1L-23R*IL-17* Th17 cells in patients with cancer, suggesting
the role of NO in stabilizing and inducing TH17 responses [17]. Recently, we have
extensively reviewed the immune modulatory functions of NO in tumor progression [18].

L-Arginine is known to possess strong immune-enhancing properties. Arginine (Arg)
deficiency is also reported to affect immune cell functions, mainly of tumor-infiltrating
lymphocytes, such as cytotoxic T-cells, macrophages, natural killer (NK) cells, and dendritic
cells (DC) (Fig. 1A). Due to low Arg availability in the tumor microenvironment, these cells
are found to be functionally deficient in cancer tissues [19-22] (Table 1). As this amino acid
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appears to have dual roles as an immune function enhancer and through indirect involvement
in tumor promotion through NO production, as evidenced in colon and other cancers, it is
critical to determine the concentrations that are necessary to inhibit tumor growth.

Glutamine (GIn) is a versatile nutrient that participates in energy formation, macromolecular
synthesis, redox homeostasis, and signaling in cancer cells. GIn helps growing tumor cells
by providing its two nitrogen atoms to synthesize nucleotides, hexosamines, and amino
acids. The mutations in a cancer cell promote GIn metabolism, which supports the
production of NADPH or GIn. GIn is converted to glutamate, which becomes a part of the
Tri Carboxylic Acid (TCA) cycle as metabolic intermediates oxaloacetic acid and a-
ketoglutarate. In rapidly growing tumor cells, pyruvate is converted to lactic acid and the
metabolites upstream of pyruvate are converted to other biosynthetic pathways, such as
amino acid synthesis and nucleotide synthesis. Therefore, to speed up the TCA cycle, the
dividing tumor cell replenishes the TCA cycle with alternate glutamate anaplerosis. Gln is
usually converted to glutamate by glutaminases (GLS). These enzymes are highly expressed
in experimental tumors from rats and mice, with high enzyme activity correlating with tumor
growth rate and malignancy. We have observed high glutaminase activity in pancreatic
tumors compared with normal pancreas. Pancreatic ductal adenocarcinoma (PDAC) cells
have been shown to use glutamine to support anabolic processes that fuel cancer cell
proliferation. PDAC is sensitive to GIn deprivation. Cancer cell sensitivity increases if
glutamine is associated with increased Myc expression in these cells [23, 24]. Son et al.
showed that oncogenic KRAS mediates reprogramming of glutamine metabolism for its
survival [25]. A positive role of GIn was demonstrated by silencing GLS activity, which
resulted in tumor inhibition [26]. GIn was also shown to activate the mTOR pathway, which
is involved in cell proliferation [27] (Fig. 1B).

High rates of Gln utilization take place in lymphocytes, due to the need for these cells to
respond to immune challenge at any time. GIn is reported to influence Th17 cell responses
by activating the GluR4 receptor on dendritic cells [28, 29] (Fig. 1B) (Table 1). Most of the
glutamine is concentrated at the tumor cells site, with low glutamine in other cells. This also
leads to a net deficit in available GSH [30]. This leads to low glutathione in NK cells,
impeding their ability to protect cells and promote immune function, which is critical for
patients with cancer [30, 31] (Table 1). Patients with cancer suffer from a negative balance
of nitrogen, due to high levels of GIn at tumor sites, leading to cachexia. Although Gln is
positively helping in tumor growth, supplementation of glutamine in these patients could
counter the deficit [32]. A recent report by Klysz et al. (2015) stated that GIn deprivation
leads to the conversion of naive CD4 T cells to Foxp3-expressing T regulatory cells [33]
(Table 1). Tregs promote tumor growth. Less Gln in the tumor microenvironment,
accompanied by the mostly high concentrations of glutamine that are found within tumor
cells, aids in increasing Foxp3-expressing Tregs, which accelerate tumor growth by
suppressing immune responses against tumor formation.

GlIn is reported to maintain mucosal integrity and protect the intestinal epithelial tight
junctions to preserve the gut barrier function, which may help prevent infections and control
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neoplastic transformation and spread [34, 35]. GIn administration (25 mg/kg) for 7 days in
rats reduced 2,4,6, trinitrobenzene sulphonic acid-induced colitis by inhibiting oxidative
damage and pro-inflammatory cytokines, TNF-a and IFN-y [36]. Reduced GlIn levels can
lead to suppressed T lymphocytes and phagocytic properties of macrophages [37] (Fig.1B).
Glutamine added to total parenteral nutrition for patients with post-operative colorectal
cancer resulted in elevation of T lymphocytes, with no effect on IL6 and TNF [38] (Fig.1B).
Therefore, GIn is necessary for optimal immune functioning.

This substance is one of the essential amino acids that are required in minute concentrations
for healthy nutrition [39, 40]. Tryptophan is involved in protein synthesis and is a precursor
of two metabolic pathways: kynurenine synthesis and serotonin synthesis. It is also involved
niacin, melatonin, and NAD/NADP synthesis. Thus, tryptophan plays an important role in
neurotransmission, modulation, immune responses, and immune tolerance [41, 42].
Tryptophan is a known powerful mediator of both the innate and adaptive immune
responses. The three dioxygenase enzymes, tryptophan 2,3-dioxygenase (TDO),
indoleamine 2,3-dioxygenase 1 (IDO1), and indoleamine 2,3-dioxygenase 2 (IDO2), are
involved in tryptophan-to-kynurenine synthesis [43]. These enzymes promote immune
tolerance towards tumor growth and immune dysfunction, helping tumor cells evade the
host’s immune responses. IDO2 is necessary for inducing inflammatory cytokines, such as
granulocyte-macrophage colony-stimulating factor (GM-CSF), G-CSF, IFN-y, TNF-a., IL-6,
and monocyte chemoattractant protein-1 (MCP-1/CCL2) [44]. Tryptophan depletion results
in modulation of immune responses, leading to cell cycle arrest and apoptosis of T cells
[45]. Tryptophan levels also play a role in complex interacting signals between DCs, T cells,
and T regs, altering immune signaling pathways and causing T cell tolerance [46].

IDO1 activity is a significant factor in preventing immune function, tumor recognition,
tumor cell proliferation, and metastases [47]. Human pancreatic cancer cells express high
levels of IDO1, which result in NK cell dysfunction due to reduced secretion of cytokines
(TNF-a and IFN-vy) and cytotoxic granules (Granzyme B and perforin) [48]. A phase I/ll
study is recruiting patients with metastatic adenocarcinoma to study an IDO Inhibitor
(Indoximod) in combination with gemcitabine and nab-paclitaxel in patients with metastatic
pancreatic cancer (ClinicalTrials.gov Identifier: NCT02077881). A high
kynurenine:tryptophan ratio was observed in patients with CRC compared with normal
controls [49]. High IDOL levels in the neoplastic epithelium were linked to poor survival in
patients with CRC [50]. IDO1 expression has been associated with increased liver
metastases in patients with CRC [51]. High density of IDO1-expressing cells in the lymph
nodes is linked to reduced 5-year survival in patients with CRC [52]. INCB024360 is a
selective inhibitor of human IDO1. INCB024360 inhibition of IDO1 promoted T cell and
NK cell growth and cytotoxicity by increasing IFN- -y, reduced the conversion of T cells to
T regs, and increased CD86-expressing DCs [49]. A dose-dependent decrease in IDO1-
expressing PANO2 pancreatic carcinomas was observed after treatment with INCB024360 in
C57BL/6 mice, with no effect in immunodeficient mice bearing IDO1-expressing PANO2
pancreatic carcinomas: this finding suggests that INCB024360 anti-tumor activity occurs
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through the lymphocytes [49]. Another study reported lower quality of life for CRC patients,
in whose serum samples decreased IFN-y mediated tryptophan levels were found [53].

Vitamins and their role in preventing cancer.

Vitamin C:

Vitamin D:

Ascorbate (Vitamin C) can be pro-oxidant or anti-oxidant, depending on the presence of
catalytic metals [54]. The main proposed vitamin C mechanism consists of an ascorbate
radical that produces H,O», which acts like the cytotoxic effector species. Vitamin C is also
reported to increase calcium influx into the endoplasmic reticulum and to induce apoptosis
by increasing Bad translocation and Bax expression in human colon cancer cells [55].
Pharmacological levels of vitamin C, that is, the doses achievable in humans, killed
pancreatic cancer cells [56-58]. Further administration of pharmacologic vitamin C in
combination with the standard chemotherapy drug gemcitabine resulted in 50% growth
inhibition in a non-responsive tumor compared with treatment with gemcitabine alone, in a
study of mouse PANC1 xenografts [59]. The reduction was significant with a lower
gemcitabine dose, thus reducing the toxic effects of gemcitabine. When a combination of
Vitamin C and gemcitabine was tested in Phase 1 clinical trials in patients with stage 1V
pancreatic adenocarcinoma, the treatment was well tolerated and safe, and improved
progression-free survival [60]. This study involved a small number of patients: only three
patient’s experienced improvement.

Vitamin C is not particularly linked to any immune cell mechanisms, and may have non-
specific effects on diverse parts of immune system [61]. High doses of Vitamin C (7.5 g to
50 g) in cancer patients after standard treatments resulted in a significant reduction in pro-
inflammatory cytokines, including IL-1a, IL-2, IL-8, TNF-a, chemokine eotaxin, and CRP,
which correlated with tumor marker levels [62] (table 1). Though the exact immune
modulation mechanism has not been studied for this agent, reports suggest that Vitamin C
affects immune cells. Further studies are necessary to pinpoint what concentrations modulate
inflammatory cytokines and how, and which immune cells are regulated by vitamin C in
cancers.

This vitamin is generally associated with mineral metabolism. It was recently reported that
vitamin D-metabolizing enzymes and their receptors are expressed in many cell types of the
intestines, pancreas, and immune system [63]. Calcitriol is a hormonally active metabolite of
Vitamin D. Calcitriol alters the morphology and functions of DCs, and inhibits T cell
cytokines, IL-2, IL-17, IL-6, and toll-like receptors on monocytes [64—66] (Table 1).
Calcitriol treatment mostly influences the anti-inflammatory profiles of cytokines by
increasing TH2 cytokines (IL-3, IL-4, IL-5, IL-10) and inhibiting pro-inflammatory Thl
cytokines (IL-2, interferon-y, tumor necrosis factor a) [67, 68] (Table 1).

The prospective, case-control, observational studies suggest an inverse relationship between
Vitamin D active metabolite 1a,25-dihydroxyvitamin D3 (25(OH)D) and CRC [69-73].
These data reiterate the positive effects of Vitamin D on inhibition of CRC. However,
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sufficiently large prospective clinical trials are needed to assure this inverse association. An
ongoing Phase Il randomized clinical study is analyzing the effects of the Vitamin D and
OmegA-3 TriaL (VITAL) supplements on primary prevention of cancers and cardiovascular
disease (ClinicalTrials.gov Identifier: NCT01169259). Another large Phase 11 and 11l
randomized study, the Vitamin D/Calcium Polyp Prevention Study, is investigating the
chemopreventive effects of vitamin D and calcium, and whether calcium with vitamin D is
more effective than calcium alone in reducing colorectal neoplasia (Clinical Trials.gov
Identifier: NCT00153816). A Western-style diet with decreased vitamin D and calcium fed
to C57BL/6 mice resulted in developing colon tumors, whereas supplementation with
Vitamin D and calcium resulted in less tumor formation and fewer visible colon tumors by
end of 2 years. These data clearly suggest the inhibitory effects of Vitamin D and calcium in
CRC [74]. Clear evidence of Vitamin D’s inhibitory effects on CRC was demonstrated in the
ApcMin* model, in which Vdr~* mice were bred with ApcMin* mice to study the effects of
loss of Vitamin D receptors on colon tumor development in Apc-deficient conditions. These
studies showed increased tumor burden in Vdr”/-ApcMiV* mice compared with Vdr*/*
ApcMi* mice, indicating an important role of Vitamin D in preventing CRC [75, 76].

Results from epidemiological studies reporting on the role of Vitamin D and pancreatic
cancer (PC) are inconsistent. Some suggest that Vitamin D levels are associated with PC
prognosis, while others suggest no association between circulating 25(OH)D and prognosis
in patients with PC [77, 78]. A recent study pooled analysis of Vitamin D intake (dietary,
supplementary, and total) and PC risk using data from case-control studies participating in
the International Pancreatic Cancer Case-Control Consortium (PanC4). The researchers
concluded that high intake of Vitamin D is associated with increased risk for PC. To further
confirm this analysis and address this issue, a large supplementation trial is needed.

The exact mechanisms by which Vitamin D modulates immune responses during tumor
initiation or development are not yet fully understood. Studies on how the innate and
adaptive immune responses altered by Vitamin D are modified during tumor cell initiation
and development are warranted, to exploit the beneficial effects of Vitamin D in cancer
prevention settings.

This vitamin consists of tocopherols and tocotrienols that act as anti-oxidants. There are
conflicting reports on the role of vitamin E in cancer. Many studies strongly suggest than
vitamin E has protective effects. Epidemiological studies on vitamin E intake and risk of
colon and other cancers are inconsistent; results showed either no association or reduced risk
of cancers [79-86]. Previous studies examining the effects of a-tocopherol on colon
carcinogenesis were unfavorable [87]. Out of ten preclinical studies using 1, 2
dimethylhydrazine (DMH) /azoxymethane (AOM) modes of colon cancer, only one study
showed that vitamin E reduced cancer risk [88]. Eight other studies showed no effect [89-
96], while one study showed increased colon carcinogenesis with Vitamin E administration
[97]. However, Newmark et al. (2006) reported that dietary administration of mixed
tocopherols (0.1% in AIN76A diet) resulted in inhibition of Aberrant Crypt Foci (ACF) in
rats [98]. Another study demonstrated that a gamma-tocopherol rich mixture of tocopherols
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(0.3 and 0.17% in AIN93M diet) produced increased apoptosis and significant inhibition of
inflammation and colon tumors in AOM/DSS mice [87]. These studies in preclinical models
suggest that different concentrations of vitamin E have different effects on colon
carcinogenesis.

A study of the impact of vitamin E supplementation (200 mg/day) in smokers and non-
smokers revealed increased lymphocyte proliferation and more B-cells in non-smokers
compared with those receiving placebo, suggesting that Vitamin E has immune protective
effects [99]. Supplementation with vitamin E (750 mg/kg) for two weeks in patients with
advanced colorectal cancer increased CD4:CD8 ratios and enhanced production of T helper
1 cytokines, I1L2, and IFN-y [100] (Table 1). a-tocopherol was also reported to stimulate
cAMP production, mediated by prostaglandin EP2 and EP4 receptors in human peripheral
mononuclear cells, thereby altering their immune functions. This may be an immune
modulatory mechanism that is worthy of further study [101] (Table 1).

Minerals that modulate the immune response, leading to cancer prevention.

Zinc:

This mineral is largely available in animal proteins. Zinc is involved in cellular functions
that are mainly related to cell cycle, apoptosis, and immune cell functioning. Zinc deficiency
affects the development of immune cells (monocytes, polymorphonuclear-, natural killer-,
T-, and B-cells), as well as their functions [102]. Intake of dietary zinc is associated with a
decreased risk of both proximal and distal colon cancer in postmenopausal women [103].
Epidemiologic studies gave conflicting reports on the association of zinc intake and CRC,
but a recent meta-analysis of the prospective studies suggested a significant reduced dose—
response association of zinc intake [104]. Due to its immune-modulating properties, zinc
might be critical in the host defense against the initiation and progression of cancer. It is
important to note that zinc intake was found to be negatively associated with gastric,
esophageal, and colorectal cancer risk [105].

Dani et al. 2007 reported that zinc inhibited the histological changes and antioxidant status
in rat colons during the initiation and promotion phases of experimentally induced colon
carcinogenesis. Results from these studies clearly indicated that the administration of 227
mg/L zinc to rats in drinking water in the presence of DMH significantly reduced ACF,
tumor incidence, and tumor number, with noted alterations in the antioxidant status, such as
lipid peroxidation, glutathione-S-transferase, superoxide dismutase (SOD), and catalase,
with restoration of normal colonic histoarchitecture [106, 107]. The regulatory role of zinc
was studied in the membrane fluidity parameters and surface abnormalities following DMH-
induced colon carcinogenesis in rats [108]. Zinc was observed to possess profound
membrane stabilizing properties in this CRC model.

Further, zinc has demonstrated a broad impact on immunity mediators, enzymes, peptides,
and cytokines affecting lymphoid cell proliferation, activation, and apoptosis. Beach et al.
reported that zinc deficiency in mice carried on for generations reflecting in offspring’s.
These data suggest the importance of zinc in regular functioning of the immune system. In
addition, higher concentrations of zinc inhibit immune cell functions. The plasma
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concentration of zinc should not exceed 30 um, and supplementation should be applied
based on the levels present in a patient, to avoid immune-suppressive effects [109, 110]. The
role of zinc in immune regulation in general and during tumor growth in particular is poorly
understood. The literature suggests that zinc might affect immune cell functions by altering
membrane structure and receptor expressions, thereby enhancing or decreasing signaling
between immune cells and neoplastic cells.

Selenium is a trace element involved in different bodily functions, mostly acting as a co-
factor for anti-oxidant selenoprotein enzymes [111, 112]. Epidemiological data suggest that
selenium deficiency increases cancer risk. Selenium supplementation resulted in lower
cancer risk [113, 114]. A meta-analysis of nine randomized controlled clinical trials showed
that supplementation of selenium reduced risk for all cancers by 24%. Low baseline
selenium levels increased cancer preventive effects by 36% [115]. Along with its anti-
oxidant properties, selenium is reported to have anti-inflammatory properties, inhibit DNA
alterations, inactivate cancer-promoting factors, hinder cell cycle replication in cancer cells,
inhibit tumor invasion and metastases, and enhance immune system activity. A recent nested
case-control design (966 CRC cases; 966 matched controls) within the European Prospective
Investigation into Cancer and Nutrition study involving 520,000 participants across 10
Western European countries reported that higher levels of selenium are associated with
reduced risk of colorectal cancer. As long as it is administered in suboptimal doses, selenium
shows preventive effects, whereas higher levels of selenium are associated with toxicity
[116]. Selenium is reported to affect both the innate and adaptive immune systems. Selenium
deficiency results in a reduced number of lymphocytes in both the thymus and bursa.

Interestingly, doses of selenium up to 400 ng/ml did not inhibit the activity of NK cells,
while inhibiting tumor cells. This finding indicates that a given concentration of selenium
can show differential activity against various cells, which can be exploited to enhance
immune responses to prevent cancer growth [117]. Six months of selenium intake in healthy
humans increased T-cells and CD4 cells by 65%, and was accompanied by a 58% increase in
NK cell cytotoxicity [118] (Fig.2) (Table 1). Mice with reduced selenium levels showed
reduced NK cell activity [119, 120] (Table 1). A recent report demonstrated that six weeks
of dietary sodium selenium supplementation resulted in the activation of IL-6 and interferon-
v pathways in mice [121] (Table 1). Selenium is necessary for the production of
selenoproteins and is usually transported by selenoprotein P (SEPP1). Mutations and/or
haplo insufficiency in this SEPP1 transporter protein increased genomic instability and
colitis-associated colon carcinogenesis. Reduced function of the SEPP1 transporter gene
resulted in polarization of macrophages, specifically the M2 type, indicating the role of
selenoproteins in immune responses [122].

Further, selenium deficiency led to low GSHPXx activity, resulting in loss of phagocytic
activity of neutrophils and macrophages towards infectious agents or transformed cells [123,
124]. We reported that dietary administration of Se-PBIT improved phagocytic activity and
increased macrophages in treated animal spleens compared with untreated spleens (Fig.2). In
an iNOS-targeting molecule, a novel isosteric analog of S,S’—1,4-phenylenebis(1,2-
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ethanediyl)bis-isothiourea (PBIT), PBI-Se, was developed in which sulfur was replaced with
selenium. Se-PBIT caused a significant dose-dependent inhibition of ACF in AOM-induced
colon cancer in F344 rats. Se-PBIT did not decrease 1L8 cytokine production, as this
cytokine acts as a chemo-attractant for neutrophils, basophils, and a subset of T-cells that aid
in tumor eradication [125]. Hence, these studies suggest that selenium has protective
functions against tumors, not only due to its anti-oxidant properties, but also by modulating
immune cells and cytokines. Future studies are needed to determine the type of selenium and
the required doses for prevention or treatment strategies.

Polyphenols and their immune-modulating and protective functions in

cancer.

Polyphenols are a large family of natural compounds that are characterized by the presence
of several phenol groups (i.e., aromatic rings with hydroxyl groups). These compounds are
secondary metabolites of plants and are widely distributed in plant foods (fruits, vegetables,
nuts, flowers, bark, and seeds) and beverages (tea, coffee, juice, wine, and beer).
Polyphenolic compounds have been shown to delay, inhibit, or prevent the oxidation of
oxidizable materials by scavenging free radicals and diminishing oxidative stress. The
antioxidant properties are due to their structural chemistry, that is, phenolic hydroxyl groups
that are prone to donate a hydrogen atom or an electron to a free radical and/or extended
conjugated aromatic system to delocalize an unpaired electron [126-128] .

Previous studies showed no risk, slightly reduced risk, or significantly decreased risk of
colorectal cancer with coffee consumption [129-131]. However, recent data from a
community-based case-control study in Japan addressed the association of polyphenol
consumption, mainly in the form of tea and coffee, and risk of colorectal cancer. In this
study, 816 cases of colorectal cancer and 815 community-based controls were analyzed for
polyphenol intake and their colorectal cancer risk. The findings suggested that a decreased
risk of colorectal cancer is associated with consumption of coffee. The polyphenolic
compounds present in coffee include ferulic, caffeic, chlorogenic and diterpenes (cafestol
and kahweol), and cumaric acids [132]. Polyphenols may be categorized as phenolic acids
(e.g., curcumin), flavonoids (e.g., EGCG), stilbenes (e.g., resveratrol), and lignans (e.g.,
secoisolariciresinol). Polyphenols are shown to have a potential role in the protection of
human health from chronic diseases like cancer and cardiovascular disease through multiple
mechanisms of action [126]. One such mechanism is modulation of the immune system and
functioning.

Curcumin (diferuloylmethane) is the bioactive component of turmeric (Curcuma longa). It
has been widely used in Indian medicine to treat hepatic disorders, anorexia, cough, diabetic
wounds, rheumatoid arthritis, and sinusitis. Curcumin is now recognized as a promising anti-
tumor drug due to its anti-inflammatory, anti-oxidant, and anti-carcinogenic activities [133,
134] (Fig.3A). Results from /n vitro and in vivo studies show that curcumin can inhibit
tumor initiation, promotion, invasion, and metastasis through a variety of mechanisms [135—
139]. Due to a vast number of biological targets and virtually no side effects, curcumin has
generated interest for its cancer prevention potential [140]. Supplementation with 0.5%
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curcumin for six weeks increased lactobacillales in colons of IL10 mice on a 129/SvEv
background with AOM-induced colitis, resulting in complete loss of tumor burden and
increased survival. This finding suggests that curcumin is able to modulate microbiota that
confer protection and restore or repair mucosal damage, reducing colitis and tumor
formation [141]. Further, 0.02% curcumin reversed the tumor-enhancing properties of a high
protein diet (50% casein) studied in azoxymethane (AOM)-DSS-induced colorectal tumors
in female Balb/c mice. This preventive effect was attributed to curcurmin’s anti-
inflammatory properties by reducing COX-2, iNOS in colonic mucosa, and short- and
branched-chain fatty acid levels, decreasing cell proliferation, and inhibiting toxic
metabolite production (Fig.3A). These data suggest that curcumin can neutralize negative
effects of tumor-promoting foods when it is consumed at the same time [142].

Curcumin was reported to reduce IFN-y production in NK cells. Whereas, a recent report on
the combination of curcumin with omega-3s demonstrated that the treatment significantly
potentiated NK cell cytotoxicity against pancreatic cancer cells [143] (Table 1). This report
suggests that the use of curcumin enhances innate immune responses. Detailed studies with
combinations of other bioactive foods will delineate the exact immune functions of
curcumin in preventing inflammation and cancer.

We reported the therapeutic potential of curcumin in combination with omega-3s against
pancreatic cancer. BxPC3 pancreatic tumor xenografts were established in nude mice (Fig.
3A). When tumors reached a size of 190-200mm3, the mice were treated with diets with or
without 2,000 ppm curcumin in 18% corn oil or 15% fish oil + 3% corn oil for six weeks,
before the tumor growth and volume were assessed. The combination of curcumin with
omega-3s resulted in inhibition of inflammatory COX-2 and 5-LOX, and decreased
proliferation in mouse xenografts [144]. A novel nanomicelle of hyaluronic acid conjugate
copoly(styrene maleic acid) (HA-SMA) with 3,4-difluorobenzylidene curcumin enhanced
internalization of HA-engineered nanomicelles with effective killing of triple-marker
positive (CD44+/CD133+/EpCAM+) pancreatic cancer stem-like cells (CSLCs) [145].
These data suggest the use of nanomicelles for increasing bioavailability, which is an issue
and hurdle with curcumin use in cancer treatment.

Overwhelming reports have suggested that the modulation of immune responses by
curcumin plays a dominant role in the treatment of inflammation and metabolic diseases and
cancer prevention [146]. Studies have shown that tumor-bearing mice treated with curcumin
experienced retarded tumor growth and longer survival attributed to a T-cell-mediated
adaptive immune response [135, 137]. Immune dysfunction during tumor progression
contributes to tumor immune evasion. Tumors often target and inhibit T-cell function to
escape from immune surveillance. This dysfunction includes loss of effector and memory T-
cells, bias towards type 2 cytokines, and expansion of T-regulatory (Treg) cells (Fig.3A).
Curcumin was found to prevent this loss of T-cells, expand central memory T-cell and
effector memory T-cell populations, reverse the type 2 immune bias, and attenuate the
tumor-induced inhibition of T-cell proliferation in tumor-bearing hosts, leading to an
enhanced ability of effector T-cells to kill cancer cells [135].
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Curcumin can modulate the activation of T-cells, B-cells, splenic lymphocytes, cytotoxic T
lymphocytes, macrophages, neutrophils, NK cells, and dendritic cells, as well as the
secretion of immune cytokines in the normal body [147]. Curcumin induced cell death in
normal quiescent and proliferating human lymphocytes through caspase-3 activation [148].
Dietary curcumin was shown to enhance the frequency of CD4+ T-cells and B-cells with
significant suppression of intestinal tumors [137] (Fig.3A). Curcumin is shown to prevent
the tumor-induced apoptosis of T-cells and restore progenitor, effector, and circulating T-
cells by modulating Jak-3/Stat-5 activity [149]. NK cells directly participate in the killing of
tumor cells after the recognition of stress-inducible ligands; killing involves the induction of
cell death by perforin and granzyme B (Fig.3A). Enhanced activation of NK cells was
observed after curcumin treatment; this was correlated with the effect of curcumin on the
tumor /n vivo [150] (Table 1). Tumors secrete exosomes, multivesicular bodies containing a
distinct set of proteins that can fuse with cells of the circulating immune system. Curcumin
was found to reverse tumor exosome-mediated inhibition of natural Killer cell activation by
enhancing the ubiquitin-proteasome system [151]. However, the /n vivo effects of curcumin
are highly dependent on the bioavailable concentration of curcumin. Due to its insolubility
in water, curcumin has very poor bioavailability. Its cellular uptake is slow and it is
metabolized rapidly once inside the cell [152]. Therefore, oral doses are required to achieve
significant concentrations inside the cells for any physiological effects to occur. To address
these limitations, numerous curcumin analogs, nanoparticle-based drug delivery vehicles,
and co-administration with agents that enhance bioavailability have been prepared. These
methods have demonstrated improved uptake, metabolism, and activity [152].

EGCG, stilbenes, and lignans in modulating immune responses for cancer

prevention.

Flavonoid (-)-epigallocatechin gallate (EGCG) is present in green tea and is reported to
possess primary and tertiary prevention properties for colon cancer. EGCG has also been
shown to have anti-inflammatory and anti-oxidant effects in arthritis and autoimmune
diseases. Most of these anti-inflammatory properties occur through inhibition of COX-2,
IFN-y, and TNF-a [153, 154] (Fig.3B). A 2008 prospective cohort study report suggested
that consumption of green tea delayed cancer onset [155]. Supplementation with green tea
extract also prevented recurrence of colorectal adenoma [156]. EGCG was found to be
effective in killing human pancreatic cancer stem cells, alone and in combination with
quercetin [157]. Further, EGCG was found to be synergistic in combination with NSAIDs
like sulindac in an Apc min model of colon cancer [158]. Results from in vitro and in vivo
studies indicated that EGCG increases Tregs [159, 160] (Table 1). Though our data show
that Tregs are highly expressed in cancer, and help tumors evade the immune response, most
EGCG data come from studies of arthritis or other autoimmune diseases. How EGCG might
modulate Tregs or immune cells is yet to be determined in cancer models.

Stilbenes are naturally occurring phytochemicals. One such stilbene, resveratrol, is known to
induce cell differentiation, mediate anti-inflammatory action, and provide anti-oxidant
properties [161-164] (Fig.3C). Pterostilbene, a naturally occurring stilbene in blueberries,
was reported to have potential chemopreventive effects, mediated by inhibition of iINOS in

Mol Nutr Food Res. Author manuscript; available in PMC 2018 July 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Janakiram et al.

Page 13

ACF, in AOM-induced ACF in rats [165]. Many studies have demonstrated that stilbenes
have profound preventive effects on colon cancer in well-established animal models [166—
170]. A study of rats supplemented with resveratrol and a high protein diet during radiation
suggested that this combination significantly minimized the damage caused by ionizing
radiation. Most importantly, the high protein and resveratrol diets were reported to decrease
regulatory T-cells in rats treated with abdominal radiation [171]. Further, resveratrol
prevented pro-inflammatory and pro-angiogenic cytokines in both M1 and M2 type
macrophages [172] (Table 1) (Fig.3C). This report suggests that resveratrol may function
differently in different types of immune cells under different conditions. This type of
functional difference is yet to be investigated in cancers.

Lignans are abundantly found in whole grains, mostly in wheat and rye. Most of the cancer
preventive functions of lignin are attributed to its anti-oxidant, anti-estrogenic properties.
Epidemiological studies reported that a substantial reduction in colon cancer risk was
associated with high levels of lignan metabolites due to high lignin intake [173]. Another
population case control study reported a similar reduction in colon cancer risk with high
dietary lignin intake [174]. Preclinical rat models of colon cancer showed consistently
similar protective functions of lignans on ACF [175]. Dietary administration of 2.5/5%
flaxseed or defatted flaxseed containing secoisolariciresinol diglucoside for 100 days
significantly reduced AOM-induced ACF formation in male Sprague-Dawley rats [176].
Lignans and their metabolites are reported to have minor effects on immune cells [177].

Isothiocyanates (ITC) are abundant in cruciferous vegetables, such as broccoli, watercress,
and Brussels sprouts. Cruciferous vegetables have been widely accepted as foods that may
decrease the risk of cancer. Phenethyl isothiocyanate treatment reduced the number of
polyps in Apc(Min+) mice [178]. Benzyl isothiocyanate also inhibited TNF-a-induced
MMP-9 secretion by down-regulating NF-xB and AP-1 [179] (Fig.3D). Isothiocyanates
have been shown to inhibit tumor-specific angiogenesis by inactivating AKT and down-
regulating nitric oxide, TNF-a., and pro-inflammatory cytokine production [180-182] (Fig.
3D). Administration of allyl isothiocyanate (AITC) and phenyl isothiocyanate (PITC) was
found to enhance the total WBC count in mice on the 9th and 12th days after treatment
[183]. Brown et al. reported that ITCs are capable of modifying of the N-terminal proline
residue of macrophage migration inhibitory factor (MIF), which is known to be associated
with many cancers, including colon cancer [184] (Fig.3D). Further, it was observed that two
subsites are available for binding on MIFs by ITC inhibitors [185]. Therefore, these data will
facilitate the development of site-specific inhibitors for increased efficacy in treatments
using these agents. Different isothiocyanates possessing an aromatic moiety were
demonstrated to inhibit MIF. These studies clearly suggest that ITCs possess immune-
modulating abilities that can be exploited in cancer prevention or treatment.
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Polyunsaturated fatty acids, eicosapentaenoic acid (EPA; 20:5n-3), and
docosahexaenoic acid (DHA; 22:6n-3) in immune modulation and cancer
prevention

It has been well documented in experimental models of colorectal cancer (CRC) that fish oil
supplements or consumption of fish provides anti-neoplastic benefits, such as apoptosis of
cancer cells, anti-proliferation, and anti-angiogenesis [186-189]. Results from
epidemiological studies of the impact of fish and fish oil consumption on risk of colon
cancer are inconsistent [154, 190-192]. Recent human data on fish and fish oil consumption
suggested that three or more years of fish oil supplementation reduced CRC risk by 49%
[193]. Recent scientific evidence suggests that EPA and DHA omega-3 fatty acids found in
fish oil help in regulating body’s immune responses, when these responses are triggered by
stress, inflammation, or injury [194]. These long chain fatty acids are usually incorporated in
cell membrane phospholipids, affecting the fluidity of the membranes, producing signal
transduction, and functioning as substrates for other chemical mediators. The presence of
DHA results in retroconversion to EPA forming less potent eicosanoids, such as 3-series
prostaglandins (PGE3s), thromboxanes, and 5-series leukotrienes (Fig. 4). The reason for the
less active eicosanoid products from EPA and DHA is that the receptors for these mediators
have less affinity for eicosanoids produced from EPA and DHA than they do for those
produced from arachidonic acid.

EPA and DHA primarily resolve inflammation. Failure to resolve inflammation may result
in a transition to a disease state. Further, DHA and EPA will also lead to formation of anti-
inflammatory resolvins [195]. Increased resolvins were produced by fish oil diets, and
increased resolvin production was observed in colitis-induced Fatl mice [196, 197]. We
have reported decreased PanIN lesions and PDAC in a K-ras mouse model of pancreatic
cancer, due to changes in eicosanoid profiles [198, 199].

Supplementation with EPA and DHA often results in recognizable changes in immune
responses and cytokine production levels, which also depend on the ratio of omega-6 to
omega-3 fatty acids [200, 201]. EPA was demonstrated to inhibit anchoring of T-cells to cell
membranes by inhibiting a protein called linker, which explains the inhibition of T-cell
signaling responses in an /n vitro system [202]. EPA interrupts immune cell responses
through alterations in lipid rafts. Both /n vitro and in vivo studies demonstrated how n-3
fatty acids disrupt the lipid rafts, thereby altering the immune cell signaling mechanism in
these cells [202-207] (Fig.4). A report by Gurzell et al. suggested that DHA enhanced the
B-cell immune responses against infection and helped in clearing pathogens by producing
antibodies and dampening inflammation, both ex vivo and /n vivo using a SMAD ™~ colitis-
prone mouse model [208]. In this study, the mechanism by which EPA increased B-cell
immune responses was also shown to be related to changes in lipid rafts. A recent report by
Jaudszus et al. suggested that EPA and DHA promote proresolving mediators. EPA and
DHA increased 1L10 and 3 series and 5 series eicosanoids in monocytes without affecting
IL6 and TNF-a levels [209] (Fig. 4) (Table 1). This finding suggests that although lipid raft
disruption is involved in both the cases, n-3 fatty acids function differently in T- and B-cells.
The functions of n-3 polyunsaturated fatty acids should be explored under neoplastic
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conditions in order to analyze how these changes in lipid rafts alter the signaling events in
the tumor-associated microenvironment.

We have reported the cancer preventive functions of the sea cucumber extract Frondanol Ab5.
Frondanol A5 contains a mixture of various bioactive ingredients, including
eicosapentaenoic acid, monosulfated triterpenoid glycoside Frondoside A, disulfated
glycoside Frondoside B, trisulfated glycoside Frondoside C, 12-methyltetradecanoic acid,
fucosylated chondroitin sulfate, and small amounts of canthaxanthin/astaxanthin. This
extract prompted a dose-dependent inhibition of ACF in a rat model of AOM-induced colon
cancer. Further, this agent was tested in an Apc min mice model, in which its immune-
modulating functions were demonstrated. Macrophage polarization was observed with
increased GLT expression, which might have helped decrease intestinal tumor burden in a
Min mice model of colon carcinogenesis. The alterations in immune cell functions may be
due to the presence of EPA and other novel glycosides. A detailed understanding of the
effects of individual components is needed to pinpoint the mechanistic effects of those
compounds in altering immune cell responses and changing the production of various
cytokines.

Dietary Fiber:

Fiber is an important part of our nutrition, which plays a vital role in defining the
composition of gut microbiota. Fiber plays a multifaceted role in modulating tissue immune
responses, inflammation in the intestine, and systemic inflammation: this nutrient consists of
complex carbohydrate components that are neither digestible nor absorbed by the intestinal
cells [210]. In a large-scale dietary intervention study, high fiber consumption was shown to
promote/increase growth of Bifidobacterium, with an increase in the concentrations of short-
chain fatty acids (SCFA) [211]. The amount of fiber intake inversely affected the secretion
of IL-6 and C-reactive protein in a clinical trial [212]. SCFAs, such as propionate and
butyrate, act as ligands for G protein-coupled receptor (GPR43) [213]. The inflammatory
responses are signaled through GPRA43 in the presence of SCFA in the intestinal cells. These
receptors are widely expressed in intestinal cells, neutrophils, eosinophils, and macrophages
[213]. Among SCFAs, butyrate and propionate are reported to exhibit strong anti-
inflammatory properties by inhibiting TNF-a, 1L-8, IL-10, and IL-12 cytokines in immune
and colonic cells [214] (Table 1). Consumption of high fiber content also increased the
proportion of CD8+ T cells and CD4+ T cells and increased NK cell activity in the lamina
propria and peripheral blood [215] (Table 1). Findings from a large prospective study
involving more than 55000 participants suggested that dietary fiber intake reduced the risk
of distal colon cancer and incidence of distal colorectal adenomas [216]. These results
clearly suggest that dietary fiber will alter the immune cells and their innate and adoptive
immune signaling within the localized region and systemically. A large colonoscopy-based
case-control study reported a 38% reduced risk of high-risk adenomatous polyps for those
consuming high fiber: this association was much more significant in smokers [217]. A meta-
analysis of case-control and cohort studies suggested that high dietary fiber consumption is
associated with lower risk for colorectal adenomas [218].
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In BALB/c mice, treatment with five injections of AOM and three cycles of DSS resulted in
high tumor multiplicity and exposure to B. fibrisolvens. A high-fiber diet had a protective
effect in combination with B. fibrisolvens (3 tumors/mouse), whereas this protective effect
was not observed when agents were fed alone (8-11 tumors/mouse) [219]. A grape anti-
oxidant dietary fiber treatment, consisting of soluble phenolics, insoluble phenolic acids, and
other components of the dietary fiber fraction, including polysaccharides and lignins,
prevented polyp formation by ~81% in ApcMi"* mice by modifying cell cycle genes. DNA
microarray analysis of colonic mucosa revealed downregulation of immune response genes
(CXCR4 signaling via second messenger, T-cell receptor, and CD28 co-stimulation in
activation of nuclear factor-xB, inducible T-cell co-stimulator pathway in T-helper cells, T-
cell receptor signaling pathway, nuclear factor of activated T cells in immune response) in
the colonic mucosa of treated animals compared with untreated animals [220]. Several
dietary fiber studies conducted by our group suggest that a high-fiber diet protects against
colon and other cancers; the lipid fraction of wheat bran fiber in particular provides maximal
protection against AOM-induced colon cancer in rats [221, 222]. Future detailed studies
examining fiber content and its product SCFAs, types of SCFAs, and fiber’s influence on
type of microbial flora using an /n vivo model of colon cancer will help us to better
understand the role of dietary fiber in CRC.

In a recent meta-analysis involving case-control and cohort studies with different types of
fiber intake, high fiber intake was reported to result in significant risk reduction in case-
control groups, with no reduction in cohort groups [223]. In another study, vegetable and
fruit fiber consumption had similar results [224]. Another case-control study that enrolled
incident PC patients reported that fruit fiber intake was inversely related to risk of PC,
compared with grain fiber intake [225]. Overall, these data suggest that the selected fiber
contents from various sources may have different effects on PC risk. Although the
mechanistic basis and immune regulations have not been fully evaluated in relation to
different fiber components, alone or in combination, and the development of PC, the clinical
and epidemiological data suggest that these components possess anti-cancer properties.

Conclusions and Future Directions

Several dietary ingredients are involved in metabolic, physiological, and cellular signaling
mechanisms that influence immune functions and, thus, affect tumor growth and
progression. Many diet-derived factors have been found to possess cancer risk-reduction
capabilities. Their anti-tumorigenic properties occur in part through immune-modulating
properties. The evidence is supported by both experimental and clinical studies. New
findings regarding novel dietary ingredients and their effects on and regulation of various
immune cells are slowly emerging. The mechanisms of each diet-derived
immunomodulatory agent in cancer prevention are yet to be understood. Therefore, great
opportunities exist to explore precise mechanisms. An improved understanding of the
mechanistic basis of the immune-modulating effects of dietary factors could be used to
better design and optimize a combination of dietary immunomodulators for cancer
prevention and treatment. Carefully designed randomized controlled trails are needed to
establish whether dietary ingredients can modulate inflammatory genes by interacting with
immune cells. The exploration of the extent to which these dietary ingredients alter human
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genome-wide changes is critical to determining their tumor-inhibiting and/or cancer risk
reduction effects. A combination of an immunomodulatory gene profile derived from newly
developed database genome-wide profiling with dietary immunomodulatory agents may
provide unique opportunities for stratification of response and non-response populations.
Furthermore, identifying immune biomarkers of specific dietary factors during
immunomodulation leading to tumor inhibition will aid in diagnosis and treatment.
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Abbreviations

NO Nitric oxide

oDC ornithine decarboxylase

Arg Arginine

Gln Glutamine

TCA tri carboxylic acid

GLS glutaminases

IDO2 indoleamine 2,3-dioxygenase 2

GM-CSF granulocyte-macrophage colony-stimulating factor
MCP-1/CCL2 monocyte chemoattractant protein-1
SEPP1 selenoprotein P

PBIT S,S’-1,4-phenylenebis(1,2-ethanediyl)bis-isothiourea
AOM azoxymethane

Treg T-regulatory

EGCG epigallocatechin gallate

ACF aberrant crypt foci

ITC Isothiocyanates

AITC allyl isothiocyanate

PITC phenyl isothiocyanate

MIF macrophage migration inhibitory factor
CRC colorectal cancer

PanlINs pancreatic intraepithelial neoplastic lesions
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SCFA short-chain fatty acids
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Fig 1A:

A?ginine and glutamine levels are to be balanced to achieve its tumor inhibiting functions.
Both low levels and high levels of arginine is having negative effects on immune responses
and tumor tissues. Low levels of arginine will lead to reduced infiltration of lymphocytes in
tumor microenvironment. However, increased levels of arginine will eventually lead to
sustained continuous production of NO and high levels of polyamines which help in tumor
cell proliferation and development. Hence, a balanced concentrations of arginine is
necessary for achieving best tumor inhibiting functions of arginine. B. A similar functions of
glutamine are being discussed in this review. Lower glutamine levels results in reducing
cytotoxic functions of NK cells leading to immune evasion of tumor cells. Increased levels
of glutamine were reported in patients, resulting in increased T cells, and activation of DC in
promoting TH17 immune cell responses, also resulting in tumor cell proliferation and tumor
growth. Balancing the concentrations of glutamine is very important to achieve its beneficial
effects on tumor inhibition.
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Fig 2.

Tumor inhibitory functions of selenium: Selenium posses anti-inflammatory properties,
along with other potent tumor inhibiting functions such as, inactivation of tumor cell
promoting factors, blocking cell cycle regulation their by inhibit tumor invasion and
metastases. Selenium is able to inhibit tumor-promoting functions by modulating various
immune cell responses as listed above.
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Fig 3A:

Ar?ti-inflammatory and immune modulating effects of Phtochemicals. Curcumin enhances
cytotoxicity of NK cells, and increase T effector, T memory cells and reduce T regulatory
cells helping in inhibiting tumor growth. B. Flavanoids posses anti-inflammatory functions
and also inhibit human pancreatic cancer stem cells. C. Stilbenes along with anti-
inflammatory, anti-oxidant functions, it can polarize M1 and M2 macrophages helping in
inhibition of tumors. D. Isothiocyanates increase proliferation of WBC cells. It can interact
with Macrophage Inhibitory Factor (MIF) enhancing immune responses towards inhibition
of tumor formation. Further, it was demonstrated to posses’ angiogenesis inhibitor
properties.
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Polyunsaturated omega 3 fatty acids in inhibiting tumors. EPA and DHA interactions with
lipid rafts in altering the immune cell responses and generate less potent 3 series and 5 series
eicosanoid metabolites which will not promote tumor development
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Dietary nutrients and their effects on immune cells
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Dietary ingredient Cell Type and cytokines Proposed function Reference
Arginine Cytotoxic T-cells, macrophages, Immune-enhancing properties [19-22]
NK cells, and DCs
Glutamine Th17 cell Influence cell response by activating the GIuR4 receptor on DCs [28, 29]
NK cells GlIn deficiency leads to impeding NK cells ability to protect cells [30, 31]
and promote immune function
Naive CDAT cells GlIn deprivation leads to conversion of naive CD4 T cells to Foxp3 [33]
expressing T regulatory cells
Macrophages Suppressed phagocytic properties [37]
Tryptophan GM-CSF, G-CSF, IFN-y, TNF-a, Inducing effect on inflammatory cytokines [44]
IL-6, and MCP-1/CCL2
T cells Tryptophan depletion leads to T cell apoptosis [45]
DCs, T cells, T regs Tryptophan alters immune signaling pathways causing T cell [46]
tolerance
Vitamin C IL-1a, IL-2, IL-8, TNF-a, Reduction in pro-inflammatory cytokines [62]
chemokine eotaxin, and CRP
Vitamin D DCs Morphology and functions are altered [64-66]
TH2 cytOkinFﬁ_(!lIBiS’ IL-4, IL-5, Induce anti-inflammatory effect by increase in TH2 cytokines [67, 68]
Th1l cytokines (IL)—2, IFN-y, TNF- Inhibit pro-inflammatory Th1l cytokines [67, 68]
a
Vitamin E CD4, CD8 cells Increased CD4:CD8 ratios [100]
Th 1 cells enhanced production of T helper 1 cytokines IL2 and IFN-y [100]
Zinc monocytes, polymorpho nuclear-, Development and functions [102]
natural Killer-, T-, and B-cells
Selenium NK cells Enhance cytotoxicity [118-120]
T-cells and CD4 cells Increase in number [118]
IL-6 and IFN-y Activation of IL-6 and IFN-y pathways [121]
Curcumin NK cells Reduced IFN-g production [143]
“ NK cell activation by enhancing the ubiquitin-proteasome system [150, 151]
T-cell Prevent the T-cell loss, expand central and effector memory T-cells [135]
popoulations
Lymphocytes Induced cell death through caspase-3 activation [148]
CD4+ T-cells and B-cells Increase the cell frequency leading to tumor suppression [137]
EGCG Tregs Increase number [159, 160]
Resveratrol Macrophages prevented pro-inflammatory and pro-angiogenic cytokines [172]
PUFAs T cells inhibition of T-cell signaling responses [202]
Monocytes Increased IL10, IL3 and IL5 [209]
Fiber Immune cells inhibit TNF-a, IL-8, =10 and —12 cytokines through SCFA [214]
NK cell Increased activity [215]
CD8+ T cells and CD4+ T cells Increased proportion [215]
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