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Abstract: Immunotherapy has revolutionized the established therapeutics against tumors. As the
major immunotherapy approach, immune checkpoint inhibitors (ICIs) achieved remarkable success
in the treatment of malignancies. However, the clinical gains are far from universal and durable,
because of the primary and secondary resistance of tumors to the therapy, or side effects induced by
ICIs. There is an urgent need to find safe combinatorial strategies that enhance the response of ICIs
for tumor treatment. Diets have an excellent safety profile and have been shown to play pleiotropic
roles in tumor prevention, growth, invasion, and metastasis. Accumulating evidence suggests that
dietary regimens bolster not only the tolerability but also the efficacy of tumor immunotherapy. In
this review, we discussed the mechanisms by which tumor cells evade immune surveillance, focusing
on describing the intrinsic and extrinsic mechanisms of resistance to ICIs. We also summarized the
impacts of different diets and/or nutrients on the response to ICIs therapy. Combinatory treatments
of ICIs therapy with optimized diet regimens own great potential to enhance the efficacy and durable
response of ICIs against tumors, which should be routinely considered in clinical settings.
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1. Introduction

The fields of immunology and oncology have been linked since the end of the 19th
century when the surgeon William Coley [1,2] reported that an injection of attenuated
bacteria into the sites of sarcoma led to tumor shrinkage. From then on, there have been
exponential advances regarding the interaction between immune surveillance and tumor
growth and development, and the concept of utilizing the immune system against malig-
nancies, that is, the theory of tumor immunotherapy. Due to the outstanding success in
halting even advanced tumors and in prolonging survival in patients with highly aggressive
tumors such as melanoma and lung tumors [3-5], immunotherapy has recently emerged
as a promising treatment option for many patients with tumors, and revolutionized the
established therapeutic approach against tumors. It aims to activate the patient’s immune
system to kill tumor cells, generally including chimeric antigen receptor (CAR)-T and -NK
cell therapy, immune checkpoint inhibitors (ICIs), cytokine therapy, oncolytic viruses, and
tumor vaccines [6]. Considering the remarkable success of ICIs in the treatment of selected
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malignancies and the prominent and long-lasting responses in tumors with high muta-
tional and neoantigen burdens [7], ICIs have been regarded as the breakers of the tumor
treatment dilemma.

ICIs are the blocking antibodies against inhibitory immune checkpoints (ICs) tar-
geting the specific mechanisms that tumor cells employ to evade immune system de-
tection [8]. Despite the promising results of ICIs therapy in melanoma [9,10], urothelial
carcinoma [11], lung tumors [12,13], colorectal tumors [14], and head and neck squamous
cell carcinoma [15], clinical gains are far from universal. In some of the major tumor types
(e.g., breast and pancreas), the clinical efficacy of ICIs remains very limited [16,17]. Besides,
only a minority of patients exhibit durable responses [18,19]. In view of the lack of uni-
versality and durability, there is an urgent need to find safe combinatorial strategies that
enhance the response of ICIs for tumor treatment.

Diet accounts for approximately 30% of the attributable risk for tumors [20]. It was
well documented that diets and /or nutrients exerted pleiotropic effects on tumor growth,
invasion, and metastasis [21-23]; thus, diet has been proposed as an integral part of anti-
tumor regimens. Moreover, some nutrients have been shown to play an important role
in modulating immune functions [21,24,25]. Thus, dietary regimens have been applied to
bolster not only the tolerability but also the efficacy of tumor immunotherapy [25,26]. In
this review, we systematically summarized the impacts of diet and/or nutrients on the
response of ICIs for tumors.

2. Immune Evasion and ICIs

Normally, tumor-associated antigens (TAA) expressed by tumors can be recognized
by the immune system, and tumor cells are then eradicated by the tumor-infiltrating
lymphocytes (TILs) [27]. However, tumors can create a sanctuary against the immune
system and evade immune surveillance. Established mechanisms include:

(1) Loss or alteration of specific antigens or antigenic machinery [28,29]. Tumors can
lose major histocompatibility complex (MHC) class I expression or the intracellu-
lar machinery required to transport tumor antigens to the tumor surface for T cell
recognition [30-32].

(2) Tumors can promote an immune-tolerant microenvironment by manipulation of
cytokines (increased secretion of IL-6, IL-10, and TGF-beta; consumption of IL-2) that
encourage infiltration of regulatory T (Treg) cells, myeloid-derived suppressor cells
(MDSCs), and other cell types that inhibit cytotoxic T cell function [31,33]. These cells
can actively suppress the proliferation of CD4* and CD8* T lymphocytes that would
otherwise recognize tumor antigens.

(3) Tumors can upregulate the expression of inhibitory ICs such as programmed cell
death-ligand 1 (PD-L1), which binds to programmed cell death protein 1 (PD-1) on T
cells and, thus, promotes peripheral T cell exhaustion [34,35].

(4) Tumors can release acidic and toxic metabolites or deplete nutrients and oxygen to
inhibit the activity of immune cells in the tumor microenvironment (TME) [36,37].

(5) Cancer-associated fibroblasts (CAFs) create an immunosuppressive TME. CAFs are
the major components of the tumor stroma; they secrete cytokines, chemokines,
inhibitory and extracellular matrix (ECM) remodeling molecules that suppress NK
cell and cytotoxic T cell activity [38].

IC molecules can be divided into two categories, stimulatory and inhibitory ICs.
Normally, inhibitory ICs act as the natural brakes of the human body via suppressing the
body’s immune response and preventing the occurrence of autoimmunity [39]. However,
tumor cells can exploit this mechanism to escape the immune system by upregulating the
expression of suppressive molecules that interact with T cells, rendering them incapable of
killing [27]. For example, the binding of PD-L1 expressed by tumor cells to PD-1 on the
surface of TILs weakens the immune role of T cells, which causes tumor immune escape
and promotes tumor progression [40]. To date, more than ten types of ICs have been
discovered, such as PD-1, PD-L1, cytotoxic T lymphocyte-associated antigen-4 (CTLA-4), T
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cell immunoglobulin and mucin domain containing-3 (TIM-3), and lymphocyte-activation
gene 3 (LAG3/CD223), of which the most extensively studied are CTLA-4 and PD-1/PD-L1.
ICIs are the blocking antibodies against inhibitory ICs, which can bind to and inhibit the
activity of inhibitory ICs and reactivate the immune response of T cells to tumors (Figure 1).
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Figure 1. Inmune evasion by tumors and effects of dietary factors on immune checkpoint inhibitors
(ICIs) therapy. In the priming phase, T cells are activated by antigen-presenting cells (APCs) when T
cell receptor (TCR) binds to the antigen displayed in the major histocompatibility complex (MHC)
on APCs, e.g., dendritic cells (DCs), in concert with CD28:B7-mediated co-stimulation. In the case
of a strong TCR stimulus, CTLA-4 expression is upregulated and competes with CD28 for binding
B7 molecules. High levels of CTLA-4:B7 binding limit the survival of T cells and protect tumor cells
from T cell attack. In the effector phase, prolonged tumor antigen stimuli cause an upregulation of
PD-1 which binds to PD-L1 expressed by tumor cells. PD-1:PD-L1 binding leads to the exhaustion
of T cells, which results in immune evasion by tumors. In addition, there are several types of cells,
including regulatory T cells (Tregs), myeloid-derived suppressor cells (MDSCs), tumor-associated
macrophage (TAMs), and cancer-associated fibroblast (CAFs), which can inhibit the anti-tumor T-cell
response via secreting various molecules. Immune checkpoint inhibitors (ICIs), e.g., anti-CTLA-4 and
PD-1/PD-L1 antibodies, can reactivate the immune response of T cells to tumors. Emerging evidence
suggests that certain dietary patterns and vitamins can synergistically enhance the efficacy of ICIs
therapy by affecting the expression of immune checkpoint proteins.

3. Resistance to ICIs

ICIs therapy has become one of the most successful anti-tumor strategies to date.
As the representative of ICIs therapy, PD-1/PD-L1 or CTLA-4-based IC blockade ther-
apy has been approved for treating multiple tumor types; however, the efficacy varies
in different tumor types [41,42]. Some patients never respond to the treatment (termed
as innate resistance), while the responders often develop resistance (termed as acquired
resistance). ICIs resistance can be classified as intrinsic or extrinsic according to the sites
where resistance happens. For intrinsic resistance, tumor cells acquire resistance to ICIs
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via altering processes associated with DNA damage response, cell signaling pathways or
immune recognition. The exact mechanisms include: (1) tumor neoantigen presentation,
structure, and processing are genetically or epigenetically altered, which, thus, influences
the activation of immune response and recruitment of effector T cells [7]; (2) alterations in
the structure of MHC II/I due to gene defects affect antigen presentation and, ultimately,
immune response [38]; (3) dysfunctional interferon (INF) signaling pathway causes inad-
equate anti-tumor T cell effector function [43,44]. Extrinsic resistance occurs external to
tumor cells throughout the T cell activation process, and the influencing factors include
TME, host factors such age, genetic background, comorbidities, diet, use of antibiotics and
steroids, metabolism, and gut microbiota [18,45,46]. However, to what extent and by what
exact mechanisms the extrinsic resistance affects the therapeutic response must be further
explored in the future.

4. Diet and Response to ICIs

IC inhibitor therapy has brought a paradigm shift in the treatment of advanced tumors
by introducing immunotherapy as a recognized first and second-line modality, but much
remains to be done to extend its efficacy [18]. Regarding the important roles of nutrients in
modulating immune functions and influencing tumor growth and/or responsiveness to
immune modulation [45], many dietary regimes are currently being explored in order to
enhance the immunotherapy responses in tumor treatments [31]. Although the effects of
certain dietary patterns and several nutrients (both macro- and micro-) on immunological
outcomes and TME reprogramming have been extensively elucidated [21,23,24,26,47], not
all of them were reported to associate with tumor immunotherapy efficacy. Herein, we
focus on summarizing the classical effect and data of reported dietary regimens and/or
nutrients on the response to ICIs therapy (Table 1).

Table 1. Effect of diets on the response to ICIs therapy in tumors.

Diet/Nutrients Impact on the Expression of ICIs and/or Outcome So%lrce of References
for ICIs Therapy Evidence
L Downregulate the expression of CTLA-4, PD-1 on .
Ketogenic diet TILs and PD-L1 on glioblastoma Animal model [48]
Downregulate the content of cell
membrane-associated PD-L1 Tumor cells 491
Enhance the efficacy of anti-CTLA-4 immunotherapy
by decreasing PD-L1 protein levels Tumor cells (501
Reestablish therapeutic response when anti-PD-1
alone or in combination with anti-CTLA-4 failed to Animal model [51]
reduce tumor growth
Protei Deprivation of glutamine reduces PD-1 expression Animal model [52]
,rOtem . Increase the effects of ICIs on tumor growth Animal model [53]
restricted diet Deprivati - : e
eprivation of non-essential amino acids improves .
R . Animal model [54]
anti-PD-1 immunotherapy
o . Increase microbial richness and diversity thus .
High fiber diet enhance response to ICTs therapy Clinical study [55-58]
Enhance response of ani-PD-1 therapy Clinical study [59]
Human
Vitamin D Stimulate transcription of the gene encoding PD-L1 epithelial and [60]
myeloid cells
Strengthen the cytotoxic activity of T cells stimulated Tumor cells [61]
by ICIs
Vitamin C Improve PD-L1 expression Tumor cells [62]
Synergize with ICIs therapy (anti-PD-1 with or .
without anti-CTLA-4) Animal model [63,64]
Vitamin A Downregulate PD-L1 expression Tumor cells [65]
Reduce the expression of the gene encoding PD-L1 Clinical study [66]
Cause tumor resmtancg to PD-] /PD-L1 blocking Animal model [67]
antibodies
Suppress anti-PD-1 therapy Animal model [68]
Vitamin Bg Decrease expression of PD-L1 Tumor cells [69]
Suppress PD-L1 expression and block the Tumor cells [70]

PD-1/PD-L1 signaling pathway
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4.1. Ketogenic Diet

The ketogenic diet (KD) was established in the early 20th century, consisting of high
fat, low to moderate protein, and very low carbohydrate [71]. The traditional KD is a
4:1 formulation of fat content to carbohydrate plus protein. A classic 4:1 KD delivers
90% of its calories from fat, 8% from protein, and only 2% from carbohydrate. In the
1920s and 1930s, KD was broadly used to treat children with epilepsy [72]. In 1987,
Tisdale et al. [73] observed a reduction in tumor weight and improved cachexia in mice
with colon adenocarcinoma xenografts consuming a KD. Later, multiple lines of evidence
suggest the use of KD as tumor treatment or prevention methods, either alone or in
combination with medicines [74,75]. In 2016, the effects of KD on anti-tumor immunity
were assessed in a mouse model of glioblastoma [48]. It has been shown to enhance anti-
tumor primary and acquired immune responses. Specifically, KD stimulated cytokine
production and promoted cytolysis mediated by CD8* T cells, and increased CD4* T
cell infiltration as well as T cell killing activity. It may also overcome several immune-
escape mechanisms by downregulating the expression of ICs CTLA-4 and PD-1 on TILs
as well as the expression of PD-L1 on glioblastoma cells. In parallel, it was observed that
KD-like milieus downregulated the expression of cell membrane-associated PD-L1 in an
experimental model of highly aggressive basal-like breast tumors [49]. These findings
support the notion that KD could impact the expression of ICs on tumor cells and/or
that on T cells and, consequently, the responsiveness to ICIs. The composition of the gut
microbiota was known to impact the efficacy of ICIs [76,77]. Remarkably, the KD has been
shown to increase the relative gut microbiota abundance of Akkermansia muciniphila [78], a
bacterium capable of ameliorating therapeutic responses to ICIs. Inspiringly, it was recently
reported that KD can enhance the efficacy of anti-CTLA-4 immunotherapy by decreasing
PD-L1 protein levels in breast tumor cells [50]. Mechanistically, the KD diet activates AMP-
activated protein kinase (AMPK), which, in turn, phosphorylates PD-L1 on Ser283, thereby
disrupting its interaction with CKLF-like MARVEL transmembrane domain containing
4 (CMTM4) and subsequently triggering PD-L1 degradation. KD or its principal ketone
body, 3-hydroxybutyrate (3HB), induced T cell-dependent tumor growth retardation in
melanoma models and reestablished the therapeutic responses in conditions under which
anti-PD-1 alone or in combination with anti-CTLA-4 failed to reduce tumor growth [51].
Despite that the KD enhanced the response of ICIs in tumor treatment in animal models,
clinical data are still very limited. Thus, studies with large cohorts, standardized protocols,
and clear indications of compliance are needed and will be awaited.

4.2. Protein Restricted Diet

As a key macronutrient and a source of energy, dietary protein plays significant roles
in maintaining health. For many years, protein-rich diets have been recommended due
to their satiety-inducing and muscle-building effects [79-83]. It was proposed for tumor
patients to follow a high protein diet to maintain health during therapy [84]. However,
the long-term retrospective and prospective cohort studies have found that a high protein
intake was linked to tumor progression and overall mortality [85]. Thus, people hypoth-
esize that limiting protein intake may have benefits in patients with tumors. Indeed, the
health benefits of dietary protein restriction for health was first reported in 1928 when
McCay et al. [86] found that trout fed a low protein diet lived longer. Recently, it was
shown that dietary protein restriction was associated with lowered tumor incidence and
mortality risk and inhibited tumor growth in animal models [87]. Protein-restricted diets
can be formulated either by reducing the number of amino acids (AAs) and/or reducing
the dietary protein intake. Dietary protein restriction (but not carbohydrate) and the re-
sulting decrease in AAs has been shown to induce the activation of endoplasmic reticulum
(ER) stress in tumor cells, leading to an anti-tumor T cell response [88]. Of note, AA
metabolism plays an important role in determining the fate and function of tumor cells
and TILs. It was found that inhibition of arginine synthesis suppressed the proliferation of
tumor cells and inhibited the accumulation of Tregs which play an immunosuppressive
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role [89]. Based on this, the combination of arginase inhibitor and IC therapy is under clini-
cal trials. In addition, CD8* T cells dealt with a specific inhibitor of glutamine metabolism
effectively eliminated tumor cells and reduced PD-1 expression [52], indicating that the
inhibition of glutamine metabolism prevents the exhaustion of CD8" T cells. Given the
indispensable role of anti-tumor T response in ICIs therapy, Orillion et al. [53] tested the
effect of a protein-restricted diet on the response to anti-PD-1 immunotherapy in animal
models of the prostate (RP-B6Myc) and renal cell carcinoma (RCC). Interestingly, they
found that dietary protein restriction strengthened the capacity of TAMs to kill tumor
cells and significantly increased the effects of ICIs on tumor growth. Mechanistically, a
protein-restricted diet inhibits the mTOR pathway and selectively induces the death of
TAMs M2 subtype (immune-suppressive), a shift towards M1 subtype (immune-activating),
and impairment of MDSCs development. Later, another study revealed that dietary depri-
vation of non-essential AAs improved the anti-PD-1 immunotherapy in a mouse model of
colon tumors [54]. Though a protein-restricted diet has shown a very promising role in ICIs
therapy, there remain many questions. For example, what is the exact amount of protein
referred to as a protein-restricted diet? Which AA is the most effective when combined
with ICIs therapy? The last, but most important, question is, can the protein-restricted diet
be translated into the clinic?

4.3. High Fiber Diet

Dietary fibers are edible carbohydrate polymers with 3 to 9 monomeric units resistant
to endogenous digestive enzymes and, thus, are neither hydrolyzed nor absorbed in the
upper part of the digestive tract. According to their solubility, they are categorized as
water-soluble or -insoluble, and, according to their fermentability, they are categorized as
nonfermentable, partially fermentable, or completely fermentable [90]. Fiber intake has
been ascertained as an essential component of a healthy diet [91]. Reliable associations
have been observed between a higher dietary fiber intake and a lower risk of developing
neoplasms, including certain gastrointestinal tumors, such as colon and rectal tumors, and
colorectal adenoma [92-94]. The beneficial roles of dietary fiber may be attributable to
their physical, immunomodulatory, and prebiotic activities [95]. Physically, carcinogens
can be diluted in a large amount of stool resulting from the ingestion of nonfermentable
fiber [96]. Besides, dietary fiber fermentation can reduce fecal pH which further decreases
the production of bacterial carcinogens deriving from bile acid metabolism [97]. Bowel
intraluminal fiber could be fermented by gut microbiota, forming short-chain fatty acids
(SCFAs), predominantly acetate, butyrate, and propionate. SCFAs exhibit immunomodula-
tory functions in the host by affecting CD4" T cell differentiation, T effector/regulatory T
cell balance, and enhancing the generation of antigen-presenting cells [98]. Butyrate has the
activity of enhancing CD8" T cell memory function [99]. Therefore, fiber is regarded as an
immunomodulatory nutrient. Last, but not least, some types of fibers have a prebiotic effect.
Upon being fermented in the colon, they selectively promoted the growth or enhanced
the activity of the microbiota [90], maintaining gut homeostasis and increasing microbial
richness and diversity. Compelling evidence demonstrated that fibers are indispensable
to both spontaneous tumor-specific T cell responses as well as subsequent responses to
ICIs [55-58,77,100-102]. Based on these findings, Spencer et al. [59] hypothesized that a
high fiber diet may associate with improved responses to ICIs therapy. They found that
melanoma patients with a high-fiber diet were five times more likely to respond to anti-PD-
1 therapy compared with those with low-fiber diets (OR = 5.3, 95% CI: 1.02-26.3). These
findings suggest that a high fiber diet is beneficial to reduce the risk of tumor occurrence
and significantly improve the response to ICIs therapy.

4.4. Micronutrients
4.4.1. Vitamin D

Vitamin D is a fat-soluble vitamin, including both cholecalciferol and ergocalciferol,
which have the common effect of preventing or curing rickets in children and osteomalacia
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in adults [103,104]. Vitamin D can be viewed as a hormone since it can be synthesized in the
skin through the action of ultraviolet rays upon the precursors, 7-dehydrocholesterol and
ergosterol, that acts on vitamin D receptors (VDR) to regulate not only calcium homeosta-
sis but also various physiological activities, including immune system modulation [105].
Specifically, the overall effect of vitamin D on the immune system consists of stimulating in-
nate immunity and inhibiting adaptive immunity [104,106]. Dimitrov et al. [60] elucidated
that 1,25-dihydroxy vitamin D (1,25-(OH)2-D), the active form of vitamin D, suppressed
the activation of CD4* and CD8" T cells and inhibited inflammatory cytokine production
in humans by stimulating the gene expression of PD-L1. The finding suggests that elevated
vitamin D signaling in humans may suppress anti-tumor immunity. Indeed, the anti-tumor
properties of vitamin D have been well elucidated [107-110] since Colston et al. [111]
first described the inhibitory effect of 1,25-dihydroxy vitamin D3 on the proliferation of
melanoma cells in 1981. To date, Vitamin D has been shown to exert pleiotropic antineo-
plastic activities by inhibiting tumor cell growth [112], promoting the differentiation of
tumor cells towards a normal or less malignant phenotype [113], suppressing inflammation
and angiogenesis [114], and reducing the metastatic potential of tumor cells [115]. More
importantly, melanoma patients could potentially benefit from the concomitant admin-
istration of vitamin D and ICIs based on the following observations [106]: (1) Vitamin
D has an anti-proliferative effect in experimental melanoma models [61], which could
strengthen the cytotoxic activity of T cells stimulated by ICIs; (2) Vitamin D was shown to
upregulate the expression of PD-L1 [60], which was positively correlated with the response
to ICIs in melanoma [116]. The upregulation of PD-L1 by vitamin D in humans may be a
double-edged sword for ICIs in tumor immunotherapy. Further clinical investigations are
needed to establish an effective PD-L1 cutoff and, as a consequence, an effective vitamin D
concentration for ICls therapy.

4.4.2. Ascorbic Acid

Vitamin C is a water-soluble vitamin that exists in both reduced and oxidized
forms [117-119]. As the former is present in the plasma at a much higher concentra-
tion, it represents the overall level of vitamin C. The reduced form of vitamin C is called
ascorbic acid (ascorbate). This name originated from Latin with the meaning of “without
scurvy”, a disease caused by vitamin C deficiency characterized by bleeding gums and
poor wound healing, which was once common in sailors at sea whose diet was lacking in
fresh fruits (especially citrus fruits) and vegetables [119,120]. In the 1930s, vitamin C was
discovered not just as a nutritional supplement but also as an anti-microbial agent [121,122].
In the clinic, it is employed for immunity support and reducing therapeutic side effects for
tumor patients. In 1978, a clinical trial by Cameron and Pauling showed that intravenously
administered high-dose vitamin C had beneficial effects on the survival time of terminal
tumor patients [123]. In contrast, two randomized double-blinded clinical trials showed no
beneficial effects with high-dose vitamin C therapy [124,125]. The discrepancies were likely
due to the different routes of administration (oral or intravenous) [117,126]. Clinical evi-
dence supports that the anti-tumor properties of vitamin C are effective when 1 g/kg dose
was administered intravenously over 2 h twice weekly or more frequently [127]. Applied
as an adjuvant, a high-dose vitamin C could enhance the effect of chemotherapy [128-130],
whilst its administration amongst patients with tumors increased the quality of life, im-
proved the physical, mental and emotional conditions, and decreased adverse effects of
chemotherapy [131]. In 2019, vitamin C was reported to activate ten-eleven translocation-2
(TET-2), which further regulates the PD-L1 expression by interferon y (IFN vy)-JAK-STAT
signaling pathway and, thus, promoted the immunotherapy [62]. Therefore, vitamin C is
expected to promote tumor immune response to ICIs therapy. Inspiringly, several recent
studies in murine tumor models have shown that a high dose of vitamin C synergized
with ICIs therapy (anti-PD-1 with or without anti-CTLA-4) in several tumor types [63,64].
Specifically, a high-dose of vitamin C increased the infiltration of CD4* and CD8* T cells
and macrophages into TME, increased the production of granzyme B by CD8* T cells
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and interleukin-12 by macrophages, and suppressed tumor growth in a T cell-dependent
manner. In addition, vitamin C was shown to markedly improve chemokine and PD-L1
expression that was associated with an increased number of TILs and improved anti-tumor
immunity, as well as with enhancing the efficacy of anti-PD-L1 immune therapy [62].

4.4.3. Vitamin A

Vitamin A refers to retinol and derivatives of retinol occurring in two main forms:
preformed vitamin A (retinol, retinal, retinoic acid, and retinyl esters) and provitamin A
(such as alpha-carotene, beta-carotene, beta-cryptoxanthin, gamma-carotene) [132]. Vita-
min A cannot be synthesized in the human body, it must be supplied from the diet [133].
The important role of vitamin A in visual health was already known as early as around
1500-1800 B.C. when the ancient Egyptians recommended compressed animal livers (the
richest source of vitamin A) for the treatment of night blindness [134]. Vitamin A is also a
regulator of cell differentiation and immune response [135,136]. Retinoids, the derivatives
of vitamin A, are the best-studied chemo-preventive agents for various diseases and are
used in clinical practice for chemoprevention and treatment of several tumors [137,138]. All-
trans retinoic acid (ATRA), an active biological metabolite of vitamin A, has been shown to
be a chemotherapeutic agent in the treatment of acute promyelocytic leukemia (APL) [139].
Retinoic acid (RA) therapy has also been shown to improve the survival of neuroblas-
toma patients [140]. ATRA was also found to inhibit cell growth, induce apoptosis, and
downregulate PD-L1 expression in oral squamous cell carcinoma (OSCC) [65], indicating
ATRA as a potential alternative adjuvant to IClIs therapy in OSCC. Circulating MDSCs are
correlated with decreased responses to immunotherapy in melanoma patients [141,142],
and were reported to promote tumor growth by producing immunosuppressive molecules
in TME, such as IL-10, and reactive oxygen species (ROS), as well as expressing cell surface
receptors, such as PD-L1 [143,144]. Strikingly, Tobin et al. [66] found that the combination
of CTLA-4 antibody with ATRA significantly decreased the number of circulating MDSCs
with increased activated CD8* T cells. Additionally, ATRA reduced the expression of
immunosuppressive genes, including PD-L1, IL-10, and indoleamine 2,3-dioxygenase in
MDSCs. On the contrary, ATRA in TME sometimes caused tumor resistance to PD-1/PD-
L1 blocking antibodies through upregulation of CD38 [67]. In murine sarcoma models,
tumor-derived retinoic acid (RA) blocked monocyte differentiation into dendritic cells
(DCs) within the TME to promote immune suppression, whilst blocking RA production
in tumor cells or inhibiting RA signaling within the TME increased the percentage of im-
munostimulatory antigen-presenting cells (APCs), engendered T cell-dependent anti-tumor
immunity, and showed strong synergy with anti-PD-1 therapy [68].

4.4.4. Vitamin B6

Vitamin B6 comprises six interconvertible vitamers, including three naturally occur-
ring forms [145], pyridoxine (PN), pyridoxal (PL) and pyridoxamine (PM), and three
phosphorylated counterparts [146], pyridoxal 5’-phosphate (PLP), pyridoxine 5'-phosphate
(PNP), and pyridoxamine 5'-phosphate (PMP). PLP, the mainly bioactive form of vitamin
B6, serves as a co-factor and catalyzes more than 150 biochemical reactions for cellular
and organismal metabolism and functions within the endocrine, neurological and immune
systems [145,147]. Vitamin B6 is one of the B complex vitamins, which are important
contributors of nutritional support to the immune system. Its deficiency can alter immune
function considerably by disturbing nucleic acid production and protein synthesis, imped-
ing the maturation and growth of lymphocytes and impairing the production of antibodies
and T cells activity [69,148]. Abundant epidemiological studies have validated that dietary
vitamin B6 intake was correlated with reduced tumor incidence [149]. Meanwhile, an
elevated level of the enzyme, pyridoxal kinase (PDXK), which facilitates the conversion
of PN into PLP, was reported as a good prognostic marker in patients with non-small
cell lung carcinoma [147]. In 2012, vitamin B6 was found to sensitize a large panel of
tumor cells to apoptosis by exacerbating cisplatin-mediated DNA damage [150]. In 2019,



Life 2022, 12, 409

9of 15

Mikkelsen et al. [69] investigated the effect of B vitamins on the modulation of the immune
response, they found that vitamin B6 exerted anti-proliferative and anti-migratory activi-
ties in promonocytic lymphoma cell lines, likely by decreasing the expression of PD-L1,
indicating the potential of vitamin to improve the efficiency of PD-1/PD-L1 blockade. In
2021, Yuan et al. [70] tested and verified that vitamin B6 can act as a PD-L1 suppressor and
block the PD-1/PD-L1 signaling pathway, suggesting that an appropriate supplement of
vitamin B6 has the potential to increase the efficacy of immunotherapy. These findings may
lay the basis for future research into the use of vitamin B6 supplementation to enhance the
efficacy of ICIs therapy in vivo.

5. Conclusions and Perspectives

ICIs have revolutionized the therapeutic landscape for multiple malignancies. Some
patients with untreatable tumors enjoy their lifespan even overpassing the most wishful
predictions. However, these outcomes have yet to become the norm due to innate and
acquired resistance. Thus, the ultimate challenge is to maximize the efficacy of ICls therapy.
In this review, we summarized the impacts of certain dietary patterns and micronutrients
on response to ICIs therapy in tumors. To sum up, the three dietary patterns (KD, protein-
restricted diet, and high fiber diet) and the two vitamins (ascorbic acid and vitamin B6)
have been demonstrated to enhance the efficacy of ICIs therapy both in vitro and in vivo
with causal associations, while the effects of vitamin A are still controversial. Concomitant
administration of vitamin D and ICIs could potentially benefit melanoma patients. Combi-
nations with dietary regimes showed great potential to provide adjuvant tools in enhancing
the efficacy of ICIs against tumors, which could be introduced by patients themselves under
the guidance of professional dieticians. Unfortunately, since parameters correlating dietary
habits with clinical outcomes during anti-tumor therapy are not routinely considered, and
the current findings are mainly obtained in animal models and /or short-term clinical and
observational studies (Table 1), randomized controlled clinical trials are still lacking in this
regard. Future studies with detailed information about dietary administration during ICIs
therapy trials will be awaited with great interest.
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AAs amino acids

AMPK AMP-activated protein kinase
APCs antigen-presenting cells
ATRA all-trans retinoic acid

CAFs cancer-associated fibroblasts
CAR chimeric antigen receptor

CMTM4 CKLF like MARVEL transmembrane domain containing 4
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CTLA-4 cytotoxic T lymphocyte-associated antigen-4

DCs dendritic cells

ER endoplasmic reticulum

ICs immune checkpoints

ICIs immune checkpoint inhibitors
INF interferon

KD ketogenic diet

MDSCs  myeloid-derived suppressor cells
MHC major histocompatibility complex
PD-1 programmed cell death protein 1
PD-L1  programmed cell death-ligand 1
PL pyridoxal

PM pyridoxamine

PMP pyridoxamine 5'-phosphate

PN pyridoxine

PNP pyridoxine 5’-phosphate

RA retinoic acid

RCC renal cell carcinoma

SCFAs  short-chain fatty acids

TAAs tumor-associated antigens

TAMs tumor-associated macrophages
TILs tumor-infiltrating lymphocytes
TME tumor microenvironment

References

1.

10.

11.

12.

Coley, W.B. The treatment of malignant tumors by repeated inoculations of erysipelas. With a report of ten original cases. Am. J.
Med. Sci. 1893, 105, 487. [CrossRef]

Coley, W.B. The Treatment of Inoperable Sarcoma by Bacterial Toxins (the Mixed Toxins of the Streptococcus erysipelas and the
Bacillus prodigiosus). Proc. R. Soc. Med. 1910, 3, 1-48. [CrossRef]

Wolchok, J.D.; Chiarion-Sileni, V.; Gonzalez, R.; Rutkowski, P.; Grob, ].J.; Cowey, C.L.; Lao, C.D.; Wagstaff, J.; Schadendorf, D.;
Ferrucci, PE; et al. Overall Survival with Combined Nivolumab and Ipilimumab in Advanced Melanoma. N. Engl. ]. Med. 2017,
377,1345-1356. [CrossRef]

Rizvi, N.A.; Hellmann, M.D.; Snyder, A.; Kvistborg, P.; Makarov, V.; Havel, ].].; Lee, W.; Yuan, J.; Wong, P.; Ho, T.S,; et al. Cancer
immunology. Mutational landscape determines sensitivity to PD-1 blockade in non-small cell lung cancer. Science 2015, 348,
124-128. [CrossRef]

Hellmann, M.D.; Ciuleanu, T.E.; Pluzanski, A.; Lee, J.S.; Otterson, G.A.; Audigier-Valette, C.; Minenza, E.; Linardou, H.; Burgers,
S.; Salman, P; et al. Nivolumab plus Ipilimumab in Lung Cancer with a High Tumor Mutational Burden. N. Engl. J. Med. 2018,
378, 2093-2104. [CrossRef]

Xing, X.Y.; Wang, X.C.; He, W. Advances in research on tumor immunotherapy and its drug development. J. China Pharm. Univ.
2021, 52, 10-19.

Fares, C.M.; Van Allen, E.M.; Drake, C.G.; Allison, J.P.; Hu-Lieskovan, S. Mechanisms of Resistance to Immune Checkpoint
Blockade: Why Does Checkpoint Inhibitor Inmunotherapy Not Work for All Patients? Am. Soc. Clin. Oncol. Educ. Book 2019, 39,
147-164. [CrossRef]

Topalian, S.L.; Drake, C.G.; Pardoll, D.M. Targeting the PD-1/B7-H1(PD-L1) pathway to activate anti-tumor immunity. Curr.
Opin. Immunol. 2012, 24, 207-212. [CrossRef]

Qian, D.C,; Kleber, T.; Brammer, B.; Xu, K.M.; Switchenko, ].M.; Janopaul-Naylor, ].R.; Zhong, ]J.; Yushak, M.L.; Harvey, R.D;
Paulos, C.M.; et al. Effect of immunotherapy time-of-day infusion on overall survival among patients with advanced melanoma in
the USA (MEMOIR): A propensity score-matched analysis of a single-centre, longitudinal study. Lancet Oncol. 2021, 22, 1777-1786.
[CrossRef]

Callahan, M.K; Kluger, H.; Postow, M.A; Segal, N.H.; Lesokhin, A.; Atkins, M.B.; Kirkwood, ].M.; Krishnan, S.; Bhore, R.; Horak,
C.; et al. Nivolumab Plus Ipilimumab in Patients with Advanced Melanoma: Updated Survival, Response, and Safety Data in a
Phase I Dose-Escalation Study. J. Clin. Oncol. 2018, 36, 391-398. [CrossRef]

Rizzo, M.; Giannatempo, P.; Porta, C. Biological Therapeutic Advances for the Treatment of Advanced Urothelial Cancers. Biol.
Targets Ther. 2021, 15, 441-450. [CrossRef]

Zhou, Y.; Zhang, Y.; Guo, G.; Cai, X.; Yu, H.; Cai, Y.; Zhang, B.; Hong, S.; Zhang, L. Nivolumab plus ipilimumab versus
pembrolizumab as chemotherapy-free, first-line treatment for PD-L1-positive non-small cell lung cancer. Clin. Transl. Med. 2020,
10, 107-115. [CrossRef]


http://doi.org/10.1097/00000441-189305000-00001
http://doi.org/10.1177/003591571000301601
http://doi.org/10.1056/NEJMoa1709684
http://doi.org/10.1126/science.aaa1348
http://doi.org/10.1056/NEJMoa1801946
http://doi.org/10.1200/EDBK_240837
http://doi.org/10.1016/j.coi.2011.12.009
http://doi.org/10.1016/S1470-2045(21)00546-5
http://doi.org/10.1200/JCO.2017.72.2850
http://doi.org/10.2147/BTT.S290311
http://doi.org/10.1002/ctm2.14

Life 2022, 12, 409 110f15

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Ready, N.; Farago, A.E; de Braud, F.; Atmaca, A.; Hellmann, M.D.; Schneider, ].G.; Spigel, D.R.; Moreno, V.; Chau, I.; Hann, C.L,;
et al. Third-Line Nivolumab Monotherapy in Recurrent SCLC: CheckMate 032. J. Thorac. Oncol. 2019, 14, 237-244. [CrossRef]
Zeng, T,; Fang, X,; Lu, J.; Zhong, Y,; Lin, X,; Lin, Z.; Wang, N; Jiang, J.; Lin, S. Efficacy and safety of immune checkpoint inhibitors
in colorectal cancer: A systematic review and meta-analysis. Int. J. Colorectal Dis. 2021, 37, 251-258. [CrossRef]

Wang, H.; Zhao, Q.; Zhang, Y.; Zhang, Q.; Zheng, Z.; Liu, S.; Liu, Z.; Meng, L.; Xin, Y.; Jiang, X. Inmunotherapy Advances
in Locally Advanced and Recurrent/Metastatic Head and Neck Squamous Cell Carcinoma and Its Relationship with Human
Papillomavirus. Front. Immunol. 2021, 12, 652054. [CrossRef]

Adams, S.; Schmid, P; Rugo, H.S.; Winer, E.P; Loirat, D.; Awada, A.; Cescon, D.W,; Iwata, H.; Campone, M.; Nanda, R,;
et al. Pembrolizumab monotherapy for previously treated metastatic triple-negative breast cancer: Cohort A of the phase II
KEYNOTE-086 study. Ann. Oncol. 2019, 30, 397—404. [CrossRef]

Gong, J.; Hendifar, A ; Tuli, R.; Chuang, J.; Cho, M.; Chung, V.; Li, D.; Salgia, R. Combination systemic therapies with immune
checkpoint inhibitors in pancreatic cancer: Overcoming resistance to single-agent checkpoint blockade. Clin. Transl. Med. 2018, 7,
32. [CrossRef]

Seto, T.; Sam, D.; Pan, M. Mechanisms of Primary and Secondary Resistance to Immune Checkpoint Inhibitors in Cancer. Med.
Sci. 2019, 7, 14. [CrossRef]

Randrian, V.; Evrard, C.; Tougeron, D. Microsatellite Instability in Colorectal Cancers: Carcinogenesis, Neo-Antigens, Immuno-
Resistance and Emerging Therapies. Cancers 2021, 13, 3063. [CrossRef]

Blot, W.J.; Tarone, R.E. Doll and Peto’s quantitative estimates of cancer risks: Holding generally true for 35 years. . Natl. Cancer
Inst. 2015, 107, djv044. [CrossRef]

Yuen, R.C.; Tsao, S.Y. Embracing cancer immunotherapy with vital micronutrients. World J. Clin. Oncol. 2021, 12, 712-724.
[CrossRef]

Mokbel, K.; Mokbel, K. Chemoprevention of Breast Cancer with Vitamins and Micronutrients: A Concise Review. In Vivo 2019,
33, 983-997. [CrossRef]

Rodriguez-Tomas, E.; Baiges-Gaya, G.; Castane, H.; Arenas, M.; Camps, J.; Joven, J. Trace elements under the spotlight: A
powerful nutritional tool in cancer. J. Trace Elem. Med. Biol. 2021, 68, 126858. [CrossRef]

Tourkochristou, E.; Triantos, C.; Mouzaki, A. The Influence of Nutritional Factors on Immunological Outcomes. Front. Immunol.
2021, 12, 665968. [CrossRef]

Lee, K.A.; Shaw, H.M.; Bataille, V.; Nathan, P.; Spector, T.D. Role of the gut microbiome for cancer patients receiving immunother-
apy: Dietary and treatment implications. Eur. J. Cancer 2020, 138, 149-155. [CrossRef]

Kanarek, N.; Petrova, B.; Sabatini, D.M. Dietary modifications for enhanced cancer therapy. Nature 2020, 579, 507-517. [CrossRef]
Pham, T,; Roth, S.; Kong, J.; Guerra, G.; Narasimhan, V.; Pereira, L.; Desai, J.; Heriot, A.; Ramsay, R. An Update on Immunotherapy
for Solid Tumors: A Review. Ann. Surg. Oncol. 2018, 25, 3404-3412. [CrossRef]

Tabassum, A.; Samdani, M.N.; Dhali, T.C.; Alam, R.; Ahammad, F; Samad, A.; Karpiniski, TM. Transporter associated with
antigen processing 1 (TAP1) expression and prognostic analysis in breast, lung, liver, and ovarian cancer. J. Mol. Med. 2021, 99,
1293-1309. [CrossRef]

Qi, Y.A; Maity, TK.; Gao, S.; Gong, T.; Bahta, M.; Venugopalan, A.; Zhang, X.; Guha, U. Alterations in HLA Class I-Presented
Immunopeptidome and Class I-Interactome upon Osimertinib Resistance in EGFR Mutant Lung Adenocarcinoma. Cancers 2021,
13,4977. [CrossRef]

Cruz-Bermudez, A.; Laza-Briviesca, R.; Casarrubios, M.; Sierra-Rodero, B.; Provencio, M. The Role of Metabolism in Tumor
Immune Evasion: Novel Approaches to Improve Immunotherapy. Biomedicines 2021, 9, 361. [CrossRef]

Cuyas, E.; Verdura, S.; Martin-Castillo, B.; Alarcén, T.; Lupu, R.; Bosch-Barrera, J.; Menendez, J.A. Tumor Cell-Intrinsic Im-
munometabolism and Precision Nutrition in Cancer Immunotherapy. Cancers 2020, 12, 1757. [CrossRef]

Rossi, ].E,; Céballos, P.; Lu, Z.Y. Immune precision medicine for cancer: A novel insight based on the efficiency of immune effector
cells. Cancer Commun. 2019, 39, 34. [CrossRef]

Brown, Z.].; Greten, T.F. Inmune Therapies. In Hepatocellular Carcinoma: Translational Precision Medicine Approaches; Hoshida, Y.,
Ed.; Springer Nature Switzerland AG: Cham, Switzerland, 2019; pp. 239-253.

Rizvi, H.; Sanchez-Vega, F,; La, K.; Chatila, W.; Jonsson, P.; Halpenny, D.; Plodkowski, A.; Long, N.; Sauter, J.L.; Rekhtman,
N.; et al. Molecular Determinants of Response to Anti-Programmed Cell Death (PD)-1 and Anti-Programmed Death-Ligand
1 (PD-L1) Blockade in Patients with Non-Small-Cell Lung Cancer Profiled with Targeted Next-Generation Sequencing. J. Clin.
Oncol. 2018, 36, 633—-641. [CrossRef]

Abdin, S.M.; Zaher, D.M.; Arafa, E.A.; Omar, H.A. Tackling Cancer Resistance by Immunotherapy: Updated Clinical Impact and
Safety of PD-1/PD-L1 Inhibitors. Cancers 2018, 10, 32. [CrossRef]

Kaymak, I.; Williams, K.S.; Cantor, J.R.; Jones, R.G. Immunometabolic Interplay in the Tumor Microenvironment. Cancer Cell 2021,
39, 28-37. [CrossRef]

Augustin, R.C.; Delgoffe, G.M.; Najjar, Y.G. Characteristics of the Tumor Microenvironment That Influence Immune Cell Functions:
Hypoxia, Oxidative Stress, Metabolic Alterations. Cancers 2020, 12, 3802. [CrossRef]

Russell, B.L.; Sooklal, S.A.; Malindisa, S.T.; Daka, L.].; Ntwasa, M. The Tumor Microenvironment Factors That Promote Resistance
to Immune Checkpoint Blockade Therapy. Front. Oncol. 2021, 11, 641428. [CrossRef]


http://doi.org/10.1016/j.jtho.2018.10.003
http://doi.org/10.1007/s00384-021-04028-z
http://doi.org/10.3389/fimmu.2021.652054
http://doi.org/10.1093/annonc/mdy517
http://doi.org/10.1186/s40169-018-0210-9
http://doi.org/10.3390/medsci7020014
http://doi.org/10.3390/cancers13123063
http://doi.org/10.1093/jnci/djv044
http://doi.org/10.5306/wjco.v12.i9.712
http://doi.org/10.21873/invivo.11568
http://doi.org/10.1016/j.jtemb.2021.126858
http://doi.org/10.3389/fimmu.2021.665968
http://doi.org/10.1016/j.ejca.2020.07.026
http://doi.org/10.1038/s41586-020-2124-0
http://doi.org/10.1245/s10434-018-6658-4
http://doi.org/10.1007/s00109-021-02088-w
http://doi.org/10.3390/cancers13194977
http://doi.org/10.3390/biomedicines9040361
http://doi.org/10.3390/cancers12071757
http://doi.org/10.1186/s40880-019-0379-3
http://doi.org/10.1200/JCO.2017.75.3384
http://doi.org/10.3390/cancers10020032
http://doi.org/10.1016/j.ccell.2020.09.004
http://doi.org/10.3390/cancers12123802
http://doi.org/10.3389/fonc.2021.641428

Life 2022, 12, 409 12 0f 15

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Buchbinder, E.I; Desai, A. CTLA-4 and PD-1 Pathways: Similarities, Differences, and Implications of Their Inhibition. Am. J. Clin.
Oncol. 2016, 39, 98-106. [CrossRef]

Li, Z.; Sun, G; Sun, G.; Cheng, Y.; Wu, L.; Wang, Q.; Lv, C.; Zhou, Y,; Xia, Y.; Tang, W. Various Uses of PD1/PD-L1 Inhibitor in
Oncology: Opportunities and Challenges. Front. Oncol. 2021, 11, 771335. [CrossRef]

Haibe, Y.; El Husseini, Z.; El Sayed, R.; Shamseddine, A. Resisting Resistance to Immune Checkpoint Therapy: A Systematic
Review. Int. J. Mol. Sci. 2020, 21, 6176. [CrossRef]

Sharpe, A.H.; Pauken, K.E. The diverse functions of the PD1 inhibitory pathway. Nat. Rev. Immunol. 2018, 18, 153-167. [CrossRef]
Chocarro de Erauso, L.; Zuazo, M.; Arasanz, H.; Bocanegra, A.; Hernandez, C.; Fernandez, G.; Garcia-Granda, M.J.; Blanco,
E.; Vera, R.; Kochan, G.; et al. Resistance to PD-L1/PD-1 Blockade Immunotherapy. A Tumor-Intrinsic or Tumor-Extrinsic
Phenomenon? Front. Pharmacol. 2020, 11, 441. [CrossRef]

Hargadon, K.M. The role of interferons in melanoma resistance to immune checkpoint blockade: Mechanisms of escape and
therapeutic implications. Br. J. Dermatol. 2021, 185, 1095-1104. [CrossRef]

Spyrou, N.; Vallianou, N.; Kadillari, J.; Dalamaga, M. The interplay of obesity, gut microbiome and diet in the immune check
point inhibitors therapy era. Semin. Cancer Biol. 2021, 73, 356-376. [CrossRef]

Pitt, ].M.; Vetizou, M.; Daillere, R.; Roberti, M.P,; Yamazaki, T.; Routy, B.; Lepage, P.; Boneca, I.G.; Chamaillard, M.; Kroemer, G.;
et al. Resistance Mechanisms to Immune-Checkpoint Blockade in Cancer: Tumor-Intrinsic and -Extrinsic Factors. Immunity 2016,
44, 1255-1269. [CrossRef]

Soldati, L.; Di Renzo, L.; Jirillo, E.; Ascierto, P.A.; Marincola, EM.; De Lorenzo, A. The influence of diet on anti-cancer immune
responsiveness. J. Transl. Med. 2018, 16, 75. [CrossRef]

Lussier, D.M.; Woolf, E.C.; Johnson, J.L.; Brooks, K.S.; Blattman, J.N.; Scheck, A.C. Enhanced immunity in a mouse model of
malignant glioma is mediated by a therapeutic ketogenic diet. BMC Cancer 2016, 16, 310. [CrossRef]

Rom-Jurek, E.M.; Kirchhammer, N.; Ugocsai, P.; Ortmann, O.; Wege, A K.; Brockhoff, G. Regulation of Programmed Death Ligand
1 (PD-L1) Expression in Breast Cancer Cell Lines In Vitro and in Immunodeficient and Humanized Tumor Mice. Int. J. Mol. Sci.
2018, 19, 563. [CrossRef]

Dai, X; Bu, X.; Gao, Y.; Guo, J.; Hu, J.; Jiang, C.; Zhang, Z.; Xu, K; Duan, J.; He, S.; et al. Energy status dictates PD-L1 protein
abundance and anti-tumor immunity to enable checkpoint blockade. Mol. Cell 2021, 81, 2317-2331.€2316. [CrossRef]

Ferrere, G.; Tidjani Alou, M.; Liu, P.; Goubet, A.G; Fidelle, M.; Kepp, O.; Durand, S.; Iebba, V.; Fluckiger, A.; Daillere, R.; et al.
Ketogenic diet and ketone bodies enhance the anticancer effects of PD-1 blockade. JCI Insight 2021, 6, €145207. [CrossRef]
Nabe, S.; Yamada, T.; Suzuki, ].; Toriyama, K.; Yasuoka, T.; Kuwahara, M.; Shiraishi, A.; Takenaka, K.; Yasukawa, M.; Yamashita,
M. Reinforce the antitumor activity of CD8* T cells via glutamine restriction. Cancer Sci. 2018, 109, 3737-3750. [CrossRef]
Orillion, A.; Damayanti, N.P.; Shen, L.; Adelaiye-Ogala, R.; Affronti, H.; Elbanna, M.; Chintala, S.; Ciesielski, M.; Fontana, L.; Kao,
C.; et al. Dietary Protein Restriction Reprograms Tumor-Associated Macrophages and Enhances Immunotherapy. Clin. Cancer
Res. 2018, 24, 6383-6395. [CrossRef]

Li, Z.L.; Yang, G.; Zhou, S.; Wang, X.; Li, X.Y. Dietary deprivation of non-essential amino acids improves anti-PD-1 immunotherapy
in murine colon cancer. Mol. Cancer Ther. 2019, 18, C065.

Ozaki, Y.; Suzuki, Y.; Nishiyama, K.; Suzutani, T.; Suzuki, H. Association between Immunotherapy with Immune Checkpoint
Inhibitors (Anti-PD-1 Antibodies) and Intestinal Microbiota. Gan Kagaku Ryoho Cancer Chemother. 2021, 48, 1096-1099.

Routy, B.; Le Chatelier, E.; Derosa, L.; Duong, C.P.M.; Alou, M.T.; Daillere, R.; Fluckiger, A.; Messaoudene, M.; Rauber, C.; Roberti,
M.P; et al. Gut microbiome influences efficacy of PD-1-based immunotherapy against epithelial tumors. Science 2018, 359, 91-97.
[CrossRef]

Matson, V.; Fessler, J.; Bao, R.; Chongsuwat, T.; Zha, Y.; Alegre, M.L.; Luke, ]J.].; Gajewski, T.F. The commensal microbiome is
associated with anti-PD-1 efficacy in metastatic melanoma patients. Science 2018, 359, 104-108. [CrossRef]

Gopalakrishnan, V.; Spencer, C.N.; Nezi, L.; Reuben, A.; Andrews, M.C.; Karpinets, T.V.; Prieto, P.A.; Vicente, D.; Hoffman, K,;
Wei, S.C.; et al. Gut microbiome modulates response to anti-PD-1 immunotherapy in melanoma patients. Science 2018, 359,
97-103. [CrossRef]

Spencer, C.; Gopalakrishnan, V.; McQuade, J.; Andrews, M.; Helmink, B.; Khan, M.; Sirmans, E.; Haydu, L.; Cogdill, A.; Burton, E.;
et al. The gut microbiome (GM) and immunotherapy response are influenced by host lifestyle factors. Cancer Res. 2019, 79, 2838.
Dimitrov, V.; Bouttier, M.; Boukhaled, G.; Salehi-Tabar, R.; Avramescu, R.G.; Memari, B.; Hasaj, B.; Lukacs, G.L.; Krawczyk, C.M.;
White, ].H. Hormonal vitamin D up-regulates tissue-specific PD-L1 and PD-L2 surface glycoprotein expression in humans but
not mice. J. Biol. Chem. 2017, 292, 20657-20668. [CrossRef]

Field, S.; Davies, J.; Bishop, D.T.; Newton-Bishop, J.A. Vitamin D and melanoma. Derm. Endocrinol. 2013, 5, 121-129. [CrossRef]
Xu, Y.P; Ly, L.; Liu, Y.; Smith, M.D.; Li, W.C.; Tan, X.M.; Cheng, M.; Li, Z.; Bovino, M.; Aubé, ].; et al. Tumor suppressor TET2
promotes cancer immunity and immunotherapy efficacy. J. Clin. Investig. 2019, 129, 4316—4331. [CrossRef]

Luchtel, R.A.; Bhagat, T.; Pradhan, K.; Jacobs, W.R,, Jr.; Levine, M.; Verma, A.; Shenoy, N. High-dose ascorbic acid synergizes with
anti-PD1 in a lymphoma mouse model. Proc. Natl. Acad. Sci. USA 2020, 117, 1666-1677. [CrossRef]

Magri, A.; Germano, G.; Lorenzato, A.; Lamba, S.; Chila, R.; Montone, M.; Amodio, V.; Ceruti, T.; Sassi, F.; Arena, S.; et al.
High-dose vitamin C enhances cancer immunotherapy. Sci. Transl. Med. 2020, 12, eaay8707. [CrossRef]

Chen, X.J.; He, M.].; Zhou, G. All-trans retinoic acid induces anti-tumor effects via STAT3 signaling inhibition in oral squamous
cell carcinoma and oral dysplasia. J. Oral Pathol. Med. 2019, 48, 832-839. [CrossRef]


http://doi.org/10.1097/COC.0000000000000239
http://doi.org/10.3389/fonc.2021.771335
http://doi.org/10.3390/ijms21176176
http://doi.org/10.1038/nri.2017.108
http://doi.org/10.3389/fphar.2020.00441
http://doi.org/10.1111/bjd.20608
http://doi.org/10.1016/j.semcancer.2021.05.008
http://doi.org/10.1016/j.immuni.2016.06.001
http://doi.org/10.1186/s12967-018-1448-0
http://doi.org/10.1186/s12885-016-2337-7
http://doi.org/10.3390/ijms19020563
http://doi.org/10.1016/j.molcel.2021.03.037
http://doi.org/10.1172/jci.insight.145207
http://doi.org/10.1111/cas.13827
http://doi.org/10.1158/1078-0432.CCR-18-0980
http://doi.org/10.1126/science.aan3706
http://doi.org/10.1126/science.aao3290
http://doi.org/10.1126/science.aan4236
http://doi.org/10.1074/jbc.M117.793885
http://doi.org/10.4161/derm.25244
http://doi.org/10.1172/JCI129317
http://doi.org/10.1073/pnas.1908158117
http://doi.org/10.1126/scitranslmed.aay8707
http://doi.org/10.1111/jop.12931

Life 2022, 12, 409 13 of 15

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.
76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Tobin, R.P; Jordan, K.R.; Robinson, W.A.; Davis, D.; Borges, V.F.; Gonzalez, R.; Lewis, K.D.; McCarter, M.D. Targeting myeloid-
derived suppressor cells using all-trans retinoic acid in melanoma patients treated with Ipilimumab. Int. Immunopharmacol. 2018,
63,282-291. [CrossRef]

Chen, L.; Diao, L.; Yang, Y.; Yi, X.; Rodriguez, B.L.; Li, Y.; Villalobos, P.A.; Cascone, T.; Liu, X.; Tan, L.; et al. CD38-Mediated
Immunosuppression as a Mechanism of Tumor Cell Escape from PD-1/PD-L1 Blockade. Cancer Discov. 2018, 8, 1156-1175.
[CrossRef]

Devalaraja, S.; To, TK].; Folkert, LW.; Natesan, R.; Alam, M.Z.; Li, M.; Tada, Y.; Budagyan, K.; Dang, M.T.; Zhai, L.; et al.
Tumor-Derived Retinoic Acid Regulates Intratumoral Monocyte Differentiation to Promote Immune Suppression. Cell 2020, 180,
1098-1114.e1016. [CrossRef]

Mikkelsen, K.; Prakash, M.D.; Kuol, N.; Nurgali, K.; Stojanovska, L.; Apostolopoulos, V. Anti-Tumor Effects of Vitamin B2, B6 and
B9 in Promonocytic Lymphoma Cells. Int. . Mol. Sci. 2019, 20, 3763. [CrossRef]

Yuan, J.; Li, J.; Shang, M.; Fu, Y.; Wang, T. Identification of vitamin B6 as a PD-L1 suppressor and an adjuvant for cancer
immunotherapy. Biochem. Biophys. Res. Commun. 2021, 561, 187-194. [CrossRef]

Weber, D.D.; Aminzadeh-Gohari, S.; Tulipan, J.; Catalano, L.; Feichtinger, R.G.; Kofler, B. Ketogenic diet in the treatment of
cancer—Where do we stand? Mol. Metab. 2020, 33, 102-121. [CrossRef]

Talib, W.H.; Mahmod, A.I; Kamal, A.; Rashid, H.M.; Alashqar, A.M.D.; Khater, S.; Jamal, D.; Waly, M. Ketogenic Diet in Cancer
Prevention and Therapy: Molecular Targets and Therapeutic Opportunities. Curr. Issues Mol. Biol. 2021, 43, 42. [CrossRef]
Tisdale, M.].; Brennan, R.A.; Fearon, K.C. Reduction of weight loss and tumour size in a cachexia model by a high fat diet. Br. ].
Cancer 1987, 56, 39-43. [CrossRef]

Fine, E.J.; Feinman, R.D. Insulin, carbohydrate restriction, metabolic syndrome and cancer. Expert Rev. Endocrinol. Metab. 2015, 10,
15-24. [CrossRef]

Choi, ].W.; Hua, T.N.M. Impact of Lifestyle Behaviors on Cancer Risk and Prevention. |. Lifestyle Med. 2021, 11, 1-7. [CrossRef]
Wu, J.; Wang, S.; Zheng, B.; Qiu, X.; Wang, H.; Chen, L. Modulation of Gut Microbiota to Enhance Effect of Checkpoint Inhibitor
Immunotherapy. Front. Immunol. 2021, 12, 669150. [CrossRef]

Tian, M.; Zhang, S.; Tseng, Y.; Shen, X.; Dong, L.; Xue, R. Gut Microbiota and Immune Checkpoint Inhibitors-Based Immunother-
apy. Anti Cancer Agents Med. Chem. 2022, 22, 1244-1256. [CrossRef]

Verhoog, S.; Taneri, PE.; Roa Diaz, Z.M.; Marques-Vidal, P.; Troup, ].P; Bally, L.; Franco, O.H.; Glisic, M.; Muka, T. Dietary Factors
and Modulation of Bacteria Strains of Akkermansia muciniphila and Faecalibacterium prausnitzii: A Systematic Review. Nutrients
2019, 11, 1565. [CrossRef]

Kim, J.Y. Optimal Diet Strategies for Weight Loss and Weight Loss Maintenance. |. Obes. Metab. Syndr. 2021, 30, 20-31. [CrossRef]
Moon, J.; Koh, G. Clinical Evidence and Mechanisms of High-Protein Diet-Induced Weight Loss. J. Obes. Metab. Syndr. 2020, 29,
166-173. [CrossRef]

Liao, C.D.; Chen, H.C.; Huang, S.W.; Liou, T.H. The Role of Muscle Mass Gain Following Protein Supplementation Plus Exercise
Therapy in Older Adults with Sarcopenia and Frailty Risks: A Systematic Review and Meta-Regression Analysis of Randomized
Trials. Nutrients 2019, 11, 1713. [CrossRef]

Malik, V.S.; Hu, EB. Popular weight-loss diets: From evidence to practice. Nat. Clin. Pract. Cardiovasc. Med. 2007, 4, 34—41.
[CrossRef]

Beasley, ].M.; Shikany, ].M.; Thomson, C.A. The role of dietary protein intake in the prevention of sarcopenia of aging. Nutr. Clin.
Pract. 2013, 28, 684—690. [CrossRef]

Arends, J.; Bachmann, P; Baracos, V.; Barthelemy, N.; Bertz, H.; Bozzetti, E.; Fearon, K.; Hiitterer, E.; Isenring, E.; Kaasa, S.; et al.
ESPEN guidelines on nutrition in cancer patients. Clin. Nutr. 2017, 36, 11-48. [CrossRef]

Levine, M.E,; Suarez, J.A.; Brandhorst, S.; Balasubramanian, P.; Cheng, C.W.; Madia, F.; Fontana, L.; Mirisola, M.G.; Guevara-
Aguirre, J.; Wan, |.; et al. Low protein intake is associated with a major reduction in IGF-1, cancer, and overall mortality in the 65
and younger but not older population. Cell Metab. 2014, 19, 407-417. [CrossRef]

McCay, C.M.; Bing, F.C.; Dilley, W.E. Factor H in the Nutrition of Trout. Science 1928, 67, 249-250. [CrossRef]

Yin, J.; Ren, W.; Huang, X.; Li, T.; Yin, Y. Protein restriction and cancer. Biochim. Biophys. Acta Rev. Cancer 2018, 1869, 256-262.
[CrossRef]

Rubio-Patino, C.; Bossowski, ].P.; De Donatis, G.M.; Mondragon, L.; Villa, E.; Aira, L.E.; Chiche, J.; Mhaidly, R.; Lebeaupin,
C.; Marchetti, S.; et al. Low-Protein Diet Induces IRElalpha-Dependent Anticancer Immunosurveillance. Cell Metab. 2018, 27,
828-842.e827. [CrossRef]

Fan, C.; Zhang, S.; Gong, Z.; Li, X,; Xiang, B.; Deng, H.; Zhou, M.; Li, G,; Li, Y,; Xiong, W.; et al. Emerging role of metabolic
reprogramming in tumor immune evasion and immunotherapy. Sci. China Life Sci. 2021, 64, 534-547. [CrossRef]

Abreu, Y.A.A.T.; Milke-Garcia, M.P,; Argiiello-Arévalo, G.A.; Calderon-de la Barca, A.M.; Carmona-Sanchez, R.I.; Consuelo-
Sanchez, A.; Coss-Adame, E.; Garcia-Cedillo, M.F; Herndndez-Rosiles, V.; Icaza-Chdvez, M.E.; et al. Dietary fiber and the
microbiota: A narrative review by a group of experts from the Asociacion Mexicana de Gastroenterologia. Rev. Gastroenterol. Mex.
2021, 86, 287-304. [CrossRef]

Katagiri, R.; Goto, A.; Sawada, N.; Yamaji, T.; Iwasaki, M.; Noda, M.; Iso, H.; Tsugane, S. Dietary fiber intake and total and
cause-specific mortality: The Japan Public Health Center-based prospective study. Am. ]. Clin. Nutr. 2020, 111, 1027-1035.
[CrossRef]


http://doi.org/10.1016/j.intimp.2018.08.007
http://doi.org/10.1158/2159-8290.CD-17-1033
http://doi.org/10.1016/j.cell.2020.02.042
http://doi.org/10.3390/ijms20153763
http://doi.org/10.1016/j.bbrc.2021.05.022
http://doi.org/10.1016/j.molmet.2019.06.026
http://doi.org/10.3390/cimb43020042
http://doi.org/10.1038/bjc.1987.149
http://doi.org/10.1586/17446651.2014.960392
http://doi.org/10.15280/jlm.2021.11.1.1
http://doi.org/10.3389/fimmu.2021.669150
http://doi.org/10.2174/1871520621666210706110713
http://doi.org/10.3390/nu11071565
http://doi.org/10.7570/jomes20065
http://doi.org/10.7570/jomes20028
http://doi.org/10.3390/nu11081713
http://doi.org/10.1038/ncpcardio0726
http://doi.org/10.1177/0884533613507607
http://doi.org/10.1016/j.clnu.2016.07.015
http://doi.org/10.1016/j.cmet.2014.02.006
http://doi.org/10.1126/science.67.1731.249
http://doi.org/10.1016/j.bbcan.2018.03.004
http://doi.org/10.1016/j.cmet.2018.02.009
http://doi.org/10.1007/s11427-019-1735-4
http://doi.org/10.1016/j.rgmxen.2021.02.002
http://doi.org/10.1093/ajcn/nqaa002

Life 2022, 12, 409 14 0of 15

92.

93.

94.

95.
96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.
111.

112.

113.
114.
115.
116.
117.
118.
119.

120.
121.

Nucci, D.; Fatigoni, C.; Salvatori, T.; Nardi, M.; Realdon, S.; Gianfredi, V. Association between Dietary Fibre Intake and Colorectal
Adenoma: A Systematic Review and Meta-Analysis. Int. ]. Environ. Res. Public Health 2021, 18, 4168. [CrossRef]

Gianfredi, V.; Nucci, D.; Salvatori, T.; Dallagiacoma, G.; Fatigoni, C.; Moretti, M.; Realdon, S. Rectal Cancer: 20% Risk Reduction
Thanks to Dietary Fibre Intake. Systematic Review and Meta-Analysis. Nutrients 2019, 11, 1579. [CrossRef]

Gianfredi, V.; Salvatori, T.; Villarini, M.; Moretti, M.; Nucci, D.; Realdon, S. Is dietary fibre truly protective against colon cancer? A
systematic review and meta-analysis. Int. |. Food Sci. Nutr. 2018, 69, 904-915. [CrossRef]

Barber, T.M.; Kabisch, S.; Pfeiffer, A.FH.; Weickert, M.O. The Health Benefits of Dietary Fibre. Nutrients 2020, 12, 3209. [CrossRef]
Sasso, A.; Latella, G. Dietary components that counteract the increased risk of colorectal cancer related to red meat consumption.
Int. J. Food Sci. Nutr. 2018, 69, 536-548. [CrossRef]

Tanaka, Y.; Shimizu, S.; Shirotani, M.; Yorozu, K.; Kitamura, K.; Oechorumu, M.; Kawai, Y.; Fukuzawa, Y. Nutrition and Cancer
Risk from the Viewpoint of the Intestinal Microbiome. Nutrients 2021, 13, 3326. [CrossRef]

Nomura, M.; Nagatomo, R.; Doi, K.; Shimizu, J.; Baba, K.; Saito, T.; Matsumoto, S.; Inoue, K.; Muto, M. Association of Short-Chain
Fatty Acids in the Gut Microbiome with Clinical Response to Treatment with Nivolumab or Pembrolizumab in Patients with
Solid Cancer Tumors. JAMA Netw. Open 2020, 3, e202895. [CrossRef]

Bachem, A.; Makhlouf, C.; Binger, K.J.; de Souza, D.P,; Tull, D.; Hochheiser, K.; Whitney, P.G.; Fernandez-Ruiz, D.; Dahling, S.;
Kastenmiiller, W.; et al. Microbiota-Derived Short-Chain Fatty Acids Promote the Memory Potential of Antigen-Activated CD8*
T Cells. Immunity 2019, 51, 285-297.e285. [CrossRef]

Vivarelli, S.; Falzone, L.; Leonardi, G.C.; Salmeri, M.; Libra, M. Novel insights on gut microbiota manipulation and immune
checkpoint inhibition in cancer (Review). Int. J. Oncol. 2021, 59, 75. [CrossRef]

Rezasoltani, S.; Yadegar, A.; Asadzadeh Aghdaei, H.; Reza Zali, M. Modulatory effects of gut microbiome in cancer immunother-
apy: A novel paradigm for blockade of immune checkpoint inhibitors. Cancer Med. 2021, 10, 1141-1154. [CrossRef]

Cosola, C.; Rocchetti, M.T.; Gesualdo, L. Gut Microbiota, the Immune System, and Cytotoxic T Lymphocytes. Methods Mol. Biol.
2021, 2325, 229-241.

Sizar, O.; Khare, S.; Goyal, A.; Bansal, P.; Givler, A. Vitamin D Deficiency; StatPearls Publishing LLC: Treasure Island, FL, USA,
2022.

Balachandar, R.; Pullakhandam, R.; Kulkarni, B.; Sachdev, H.S. Relative Efficacy of Vitamin D(2) and Vitamin D(3) in Improving
Vitamin D Status: Systematic Review and Meta-Analysis. Nutrients 2021, 13, 3328. [CrossRef]

Charoenngam, N.; Holick, M.E. Immunologic Effects of Vitamin D on Human Health and Disease. Nutrients 2020, 12, 2097.
[CrossRef]

Stucci, L.S.; D’Oronzo, S.; Tucci, M.; Macerollo, A.; Ribero, S.; Spagnolo, F.; Marra, E.; Picasso, V.; Orgiano, L.; Marconcini, R.; et al.
Vitamin D in melanoma: Controversies and potential role in combination with immune check-point inhibitors. Cancer Treat. Rev.
2018, 69, 21-28. [CrossRef]

Wu, X,; Hu, W,; Lu, L.; Zhao, Y.; Zhou, Y.; Xiao, Z.; Zhang, L.; Zhang, H.; Li, X.; Li, W,; et al. Repurposing vitamin D for treatment
of human malignancies via targeting tumor microenvironment. Acta Pharm. Sin. B 2019, 9, 203-219. [CrossRef]

Zhang, L.; Wang, S.; Che, X.; Li, X. Vitamin D and lung cancer risk: A comprehensive review and meta-analysis. Cell. Physiol.
Biochem. 2015, 36, 299-305. [CrossRef]

Yuan, C.; Ng, K. Vitamin D supplementation: A potential therapeutic agent for metastatic colorectal cancer. Br. . Cancer 2020, 123,
1205-1206. [CrossRef]

Jeon, S.M.; Shin, E.A. Exploring vitamin D metabolism and function in cancer. Exp. Mol. Med. 2018, 50, 1-14. [CrossRef]
Colston, K.; Colston, M.J.; Feldman, D. 1,25-dihydroxyvitamin D3 and malignant melanoma: The presence of receptors and
inhibition of cell growth in culture. Endocrinology 1981, 108, 1083-1086. [CrossRef]

Flores, O.; Wang, Z.; Knudsen, K.E.; Burnstein, K.L. Nuclear targeting of cyclin-dependent kinase 2 reveals essential roles of
cyclin-dependent kinase 2 localization and cyclin E in vitamin D-mediated growth inhibition. Endocrinology 2010, 151, 896-908.
[CrossRef]

Gocek, E.; Studzinski, G.P. Vitamin D and differentiation in cancer. Crit. Rev. Clin. Lab. Sci. 2009, 46, 190-209. [CrossRef]
[PubMed]

Fukuda, R; Kelly, B.; Semenza, G.L. Vascular endothelial growth factor gene expression in colon cancer cells exposed to
prostaglandin E2 is mediated by hypoxia-inducible factor 1. Cancer Res. 2003, 63, 2330-2334. [PubMed]

Moukayed, M.; Grant, W.B. Molecular link between vitamin D and cancer prevention. Nutrients 2013, 5, 3993-4021. [CrossRef]
[PubMed]

Bendix, M.; Greisen, S.; Dige, A.; Hvas, C.L.; Bak, N.; Jorgensen, S.P.; Dahlerup, ].F,; Deleuran, B.; Agnholt, J. Vitamin D increases
programmed death receptor-1 expression in Crohn’s disease. Oncotarget 2017, 8, 24177-24186. [CrossRef]

Padayatty, S.J.; Levine, M. Vitamin C: The known and the unknown and Goldilocks. Oral Dis. 2016, 22, 463—493. [CrossRef]
Young, ].I; Ziichner, S.; Wang, G. Regulation of the Epigenome by Vitamin C. Annu. Rev. Nutr. 2015, 35, 545-564. [CrossRef]
Gillberg, L.; Orskov, A.D.; Liu, M.; Harslof, L.B.S; Jones, P.A.; Gronbaek, K. Vitamin C—A new player in regulation of the cancer
epigenome. Semin. Cancer Biol. 2018, 51, 59—67. [CrossRef]

Maxfield, L.; Crane, J.S. Vitamin C Deficiency; StatPearls Publishing LLC: Treasure Island, FL, USA, 2022.

Klenner, ER. Massive doses of vitamin C and the virus diseases. S. Med. Surg. 1951, 113, 101-107.


http://doi.org/10.3390/ijerph18084168
http://doi.org/10.3390/nu11071579
http://doi.org/10.1080/09637486.2018.1446917
http://doi.org/10.3390/nu12103209
http://doi.org/10.1080/09637486.2017.1393503
http://doi.org/10.3390/nu13103326
http://doi.org/10.1001/jamanetworkopen.2020.2895
http://doi.org/10.1016/j.immuni.2019.06.002
http://doi.org/10.3892/ijo.2021.5255
http://doi.org/10.1002/cam4.3694
http://doi.org/10.3390/nu13103328
http://doi.org/10.3390/nu12072097
http://doi.org/10.1016/j.ctrv.2018.05.016
http://doi.org/10.1016/j.apsb.2018.09.002
http://doi.org/10.1159/000374072
http://doi.org/10.1038/s41416-020-0958-8
http://doi.org/10.1038/s12276-018-0038-9
http://doi.org/10.1210/endo-108-3-1083
http://doi.org/10.1210/en.2009-1116
http://doi.org/10.1080/10408360902982128
http://www.ncbi.nlm.nih.gov/pubmed/19650715
http://www.ncbi.nlm.nih.gov/pubmed/12727858
http://doi.org/10.3390/nu5103993
http://www.ncbi.nlm.nih.gov/pubmed/24084056
http://doi.org/10.18632/oncotarget.15489
http://doi.org/10.1111/odi.12446
http://doi.org/10.1146/annurev-nutr-071714-034228
http://doi.org/10.1016/j.semcancer.2017.11.001

Life 2022, 12, 409 150f 15

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.
141.

142.

143.

144.

145.

146.

147.

148.

149.
150.

Mousavi, S.; Bereswill, S.; Heimesaat, M.M. Inmunomodulatory and Antimicrobial Effects of Vitamin C. Eur. ]. Microbiol. Immunol.
2019, 9, 73-79. [CrossRef]

Cameron, E.; Pauling, L. Supplemental ascorbate in the supportive treatment of cancer: Reevaluation of prolongation of survival
times in terminal human cancer. Proc. Natl. Acad. Sci. USA 1978, 75, 4538-4542. [CrossRef]

Creagan, E.T.; Moertel, C.G.; O’Fallon, J.R.; Schutt, A.J.; O’Connell, M.].; Rubin, J.; Frytak, S. Failure of high-dose vitamin C
(ascorbic acid) therapy to benefit patients with advanced cancer. A controlled trial. N. Engl. . Med. 1979, 301, 687-690. [CrossRef]
[PubMed]

Moertel, C.G.; Fleming, T.R.; Creagan, E.T.; Rubin, J.; O’Connell, M.].; Ames, M.M. High-dose vitamin C versus placebo in the
treatment of patients with advanced cancer who have had no prior chemotherapy. A randomized double-blind comparison. N.
Engl. ]. Med. 1985, 312, 137-141. [CrossRef] [PubMed]

Padayatty, S.J.; Sun, H.; Wang, Y.; Riordan, H.D.; Hewitt, 5.M.; Katz, A.; Wesley, R.A.; Levine, M. Vitamin C pharmacokinetics:
Implications for oral and intravenous use. Ann. Intern. Med. 2004, 140, 533-537. [CrossRef] [PubMed]

Shenoy, N.; Creagan, E.; Witzig, T.; Levine, M. Ascorbic Acid in Cancer Treatment: Let the Phoenix Fly. Cancer Cell 2018, 34,
700-706. [CrossRef]

Yang, Y.; Lu, X,; Liu, Q.; Dai, Y.; Zhu, X.; Wen, Y; Xu, J.; Lu, Y.; Zhao, D.; Chen, X.; et al. Palmitoyl ascorbate and doxorubicin
co-encapsulated liposome for synergistic anticancer therapy. Eur. J. Pharm. Sci. 2017, 105, 219-229. [CrossRef]

Bober, P.; Alexovic, M.; Talian, I.; Tomkova, Z.; Viscorova, Z.; Benckova, M.; Andrasina, I.; Ciccocioppo, R.; Petrovic, D.; Adamek,
M.; et al. Proteomic analysis of the vitamin C effect on the doxorubicin cytotoxicity in the MCF-7 breast cancer cell line. J. Cancer
Res. Clin. Oncol. 2017, 143, 35-42. [CrossRef]

Lee, SJ.; Jeong, J.H.; Lee, LH; Lee, J.; Jung, ].H.; Park, H.Y,; Lee, D.H.; Chae, Y.S. Effect of High-dose Vitamin C Combined with
Anti-cancer Treatment on Breast Cancer Cells. Anticancer Res. 2019, 39, 751-758. [CrossRef]

Blaszczak, W.; Barczak, W.; Masternak, J.; Kopczyniski, P.; Zhitkovich, A.; Rubis, B. Vitamin C as a Modulator of the Response to
Cancer Therapy. Molecules 2019, 24, 453. [CrossRef]

Tratnjek, L.; Jeruc, J.; Romih, R.; Zupancic, D. Vitamin A and Retinoids in Bladder Cancer Chemoprevention and Treatment: A
Narrative Review of Current Evidence, Challenges and Future Prospects. Int. J. Mol. Sci. 2021, 22, 3510. [CrossRef]

Bushue, N.; Wan, Y.J. Retinoid pathway and cancer therapeutics. Adv. Drug Deliv. Rev. 2010, 62, 1285-1298. [CrossRef]

Al Binali, H.A. Night blindness and ancient remedy. Heart Views 2014, 15, 136-139. [CrossRef] [PubMed]

Zhang, Y.; Du, Z.; Ma, W.; Chang, K.; Zheng, C. Vitamin A status and recurrent respiratory infection among Chinese children: A
nationally representative survey. Asia Pac. J. Clin. Nutr. 2020, 29, 566-576. [PubMed]

Redfern, C.P.F. Vitamin A and its natural derivatives. Methods Enzymol. 2020, 637, 1-25. [PubMed]

Dobrotkova, V.; Chlapek, P.; Mazanek, P; Sterba, J.; Veselska, R. Traffic lights for retinoids in oncology: Molecular markers of
retinoid resistance and sensitivity and their use in the management of cancer differentiation therapy. BMC Cancer 2018, 18, 1059.
[CrossRef]

Ferreira, R.; Napoli, J.; Enver, T.; Bernardino, L.; Ferreira, L. Advances and challenges in retinoid delivery systems in regenerative
and therapeutic medicine. Nat. Commun. 2020, 11, 4265. [CrossRef]

Martino, O.D.; Welch, ].S. Retinoic Acid Receptors in Acute Myeloid Leukemia Therapy. Cancers 2019, 11, 1915. [CrossRef]
Gudas, L.J.; Wagner, J.A. Retinoids regulate stem cell differentiation. J. Cell. Physiol. 2011, 226, 322-330. [CrossRef]
Sade-Feldman, M.; Kanterman, J.; Klieger, Y.; Ish-Shalom, E.; Olga, M.; Saragovi, A.; Shtainberg, H.; Lotem, M.; Baniyash, M.
Clinical Significance of Circulating CD33*CD11b"HLA-DR- Myeloid Cells in Patients with Stage IV Melanoma Treated with
Ipilimumab. Clin. Cancer Res. 2016, 22, 5661-5672. [CrossRef]

Meyer, C.; Cagnon, L.; Costa-Nunes, C.M.; Baumgaertner, P.; Montandon, N.; Leyvraz, L.; Michielin, O.; Romano, E.; Speiser, D.E.
Frequencies of circulating MDSC correlate with clinical outcome of melanoma patients treated with ipilimumab. Cancer Immunol.
Immunother. 2014, 63, 247-257. [CrossRef]

Gabrilovich, D.I. Myeloid-Derived Suppressor Cells. Cancer Immunol. Res. 2017, 5, 3-8. [CrossRef]

Umansky, V.; Blattner, C.; Gebhardt, C.; Utikal, J. The Role of Myeloid-Derived Suppressor Cells (MDSC) in Cancer Progression.
Vaccines 2016, 4, 36. [CrossRef] [PubMed]

Mikkelsen, K.; Stojanovska, L.; Prakash, M.; Apostolopoulos, V. The effects of vitamin B on the immune/cytokine network and
their involvement in depression. Maturitas 2017, 96, 58-71. [CrossRef] [PubMed]

Ueland, PM.; McCann, A.; Midttun, @.; Ulvik, A. Inflammation, vitamin B6 and related pathways. Mol. Asp. Med. 2017, 53, 10-27.
[CrossRef] [PubMed]

Galluzzi, L.; Vacchelli, E.; Michels, J.; Garcia, P; Kepp, O.; Senovilla, L.; Vitale, I.; Kroemer, G. Effects of vitamin B6 metabolism on
oncogenesis, tumor progression and therapeutic responses. Oncogene 2013, 32, 4995-5004. [CrossRef] [PubMed]
Ebrahimzadeh-Attari, V.; Panahi, G.; Hebert, ].R.; Ostadrahimi, A.; Saghafi-Asl, M.; Lotfi-Yaghin, N.; Baradaran, B. Nutritional
approach for increasing public health during pandemic of COVID-19: A comprehensive review of antiviral nutrients and
nutraceuticals. Health Promot. Perspect. 2021, 11, 119-136. [CrossRef]

Stach, K.; Stach, W.; Augoff, K. Vitamin B6 in Health and Disease. Nutrients 2021, 13, 3229. [CrossRef]

Galluzzi, L.; Vitale, I; Senovilla, L.; Olaussen, K.A.; Pinna, G.; Eisenberg, T.; Goubar, A.; Martins, I.; Michels, J.; Kratassiouk, G.;
et al. Prognostic impact of vitamin B6 metabolism in lung cancer. Cell Rep. 2012, 2, 257-269. [CrossRef]


http://doi.org/10.1556/1886.2019.00016
http://doi.org/10.1073/pnas.75.9.4538
http://doi.org/10.1056/NEJM197909273011303
http://www.ncbi.nlm.nih.gov/pubmed/384241
http://doi.org/10.1056/NEJM198501173120301
http://www.ncbi.nlm.nih.gov/pubmed/3880867
http://doi.org/10.7326/0003-4819-140-7-200404060-00010
http://www.ncbi.nlm.nih.gov/pubmed/15068981
http://doi.org/10.1016/j.ccell.2018.07.014
http://doi.org/10.1016/j.ejps.2017.05.038
http://doi.org/10.1007/s00432-016-2259-4
http://doi.org/10.21873/anticanres.13172
http://doi.org/10.3390/molecules24030453
http://doi.org/10.3390/ijms22073510
http://doi.org/10.1016/j.addr.2010.07.003
http://doi.org/10.4103/1995-705X.151098
http://www.ncbi.nlm.nih.gov/pubmed/25774260
http://www.ncbi.nlm.nih.gov/pubmed/32990617
http://www.ncbi.nlm.nih.gov/pubmed/32359642
http://doi.org/10.1186/s12885-018-4966-5
http://doi.org/10.1038/s41467-020-18042-2
http://doi.org/10.3390/cancers11121915
http://doi.org/10.1002/jcp.22417
http://doi.org/10.1158/1078-0432.CCR-15-3104
http://doi.org/10.1007/s00262-013-1508-5
http://doi.org/10.1158/2326-6066.CIR-16-0297
http://doi.org/10.3390/vaccines4040036
http://www.ncbi.nlm.nih.gov/pubmed/27827871
http://doi.org/10.1016/j.maturitas.2016.11.012
http://www.ncbi.nlm.nih.gov/pubmed/28041597
http://doi.org/10.1016/j.mam.2016.08.001
http://www.ncbi.nlm.nih.gov/pubmed/27593095
http://doi.org/10.1038/onc.2012.623
http://www.ncbi.nlm.nih.gov/pubmed/23334322
http://doi.org/10.34172/hpp.2021.17
http://doi.org/10.3390/nu13093229
http://doi.org/10.1016/j.celrep.2012.06.017

	Introduction 
	Immune Evasion and ICIs 
	Resistance to ICIs 
	Diet and Response to ICIs 
	Ketogenic Diet 
	Protein Restricted Diet 
	High Fiber Diet 
	Micronutrients 
	Vitamin D 
	Ascorbic Acid 
	Vitamin A 
	Vitamin B6 


	Conclusions and Perspectives 
	References

