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ABSTRACT: Dietary supplementation with nutraceuticals can promote optimal immune system activation, modulating
different pathways that enhance immune defenses. Therefore, the immunity-boosting effects of nutraceuticals encompass
not only immunomodulatory but also antioxidant, antitumor, antiviral, antibacterial, and antifungal properties, with ther-
apeutic effects against diverse pathological conditions. However, the complexity of the pathways that regulate the immune
system, numerous mechanisms of action, and heterogeneity of the immunodeficiencies, and subjects treated make their
application in the clinical field difficult. Some nutraceuticals appear to safely improve immune system function, partic-
ularly by preventing viral and bacterial infections in specific groups, such as children, the elderly, and athletes, as well as
in frail patients, such as those affected by autoimmune diseases, chronic diseases, or cancer. Several nutraceuticals, such
as vitamins, mineral salts, polyunsaturated omega-3 fatty acids, many types of phytocompounds, and probiotic strains,
have the most consolidated evidence in humans. In most cases, further large and long-term randomized clinical trials are

needed to confirm the available preliminary positive data.
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INTRODUCTION

The immune system comprises structures, mediators, and
biological processes that protect the body from infection.
Innate immunity includes pre-existing immune responses
to infection that have evolved to recognize pathogens and
protect the human body. Conversely, acquired immunity
develops later, after exposure to foreign agents, and is
specific to each agent. Epithelial barriers, phagocytic cells,
dendritic cells, natural killer (NK) cells, and various plas-
ma proteins are the main components of innate immuni-
ty. The primary responses are inflammation, by which
phagocytes are recruited and activated to eliminate mi-
crobes, and defenses mediated by NK and dendritic cells
(Paludan et al., 2021).

Specific responses rely on lymphocytes and their prod-
ucts, including antibodies. Two types of acquired immu-
nity exist: humoral immunity, which principally protects

against extracellular pathogens and their toxins, and cell-
mediated immunity, which defends against intracellular
pathogens. Humoral immunity is mediated by B lym-
phocytes (or B-cells) originating in the bone marrow and
their secreted products, antibodies, or immunoglobulins
(Igs). Meanwhile, cellular immunity is mediated by T
lymphocytes (or T cells) originating in the thymus
(Marshall et al., 2018).

Immune system function has been associated with not
only health but also longevity (Santoro et al., 2021). Im-
munosenescence, which refers to the decline in immune
system function over time, increases the risk of infec-
tions, chronic inflammatory and autoimmune diseases,
and cancer in humans (Xu et al., 2020). Therefore, elder-
ly individuals have been suggested to have compromised
innate and acquired immune function. Consequently,
correcting and preventing these dysfunctions in the eld-
erly is one of the primary goals of modern medicine
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(Borgoni et al., 2021).

The term nutraceutical was coined by Stephen DeFelice
as a syncretic neologism of the words “nutrient” and
“pharmaceutical”, representing a modern approach to
food science. Indeed, a nutraceutical is a “food or part of
a food that provides medical or health benefits, including
the prevention and/or treatment of a disease” (Santini et
al., 2018). As such, nutraceuticals, which comprise sev-
eral bioactive derivatives from edible sources, possess
therapeutic properties that can modulate the immune
system (Fig. 1) and have demonstrated immunity-boost-
ing effects encompassing not only active-modulatory but
also antioxidant, antitumor, antiviral, antibacterial, and
antifungal properties. Hence, nutraceuticals provide pre-
ventive, health-promoting, and therapeutic effects against
diverse pathological conditions, such as diabetes, hyper-
tension, arthritis, obesity, and allergy (Ooi and Pak,
2021).

The present review aims to highlight evidence regard-
ing the immunomodulating properties of nutraceutical
compounds and their potential therapeutic activities,
summarizing several types of nutraceuticals and their di-
verse effects on the immune system.

VITAMINS

Vitamin A
Vitamin A (or retinoic acid) plays a peculiar role in intes-
tinal innate immunity and homeostatic maintenance of
the gut barrier (Biesalski, 2016). This vitamin has three
main forms: retinoic acid, retinol, and retinal. Retinoic
acid is the main active metabolite and is partly synthe-
sized by intestinal dendritic cells (Huang et al., 2018).
Evidence suggests that vitamin A modulates the im-
mune response in dendritic cells, is involved in the de-
velopment and differentiation of B and T cells, and af-
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Fig. 1. Various nutraceutical compounds can modulate innate
and adaptive immune responses. n-3 PUFA, polyunsaturated
omega-3 fatty acids.

fects macrophage activity by regulating cytokine release,
principally tumor necrosis factor (TNF)-o, interleukin
(IL)-1B, IL-6, and IL-12. In particular, one study showed
that in vitro vitamin A supplementation modulated B
lymphocyte activation, differentiation, and cytokine pro-
duction (Blomhoff et al., 1992).

Vitamin A deficiency can affect T cell immunocompe-
tence at different levels, including lymphopoiesis, dis-
tribution, expression of surface molecules, and cytokine
production. T cell-macrophage co-cultures treated with
retinoic acid showed a reduction in interferon (IFN)-y
production and an increase in IL-4 secretion by T cells,
influencing T-helper cell (Th)1/Th2 differentiation path-
ways (Roy and Awasthi, 2019). Studies have proposed
that vitamin A plays an immunomodulatory role during
autoimmune and inflammatory diseases given its poten-
tial to modulate regulatory T cells (Tregs), a subpopula-
tion of T cells involved in the maintenance of the immune
tolerance and regulation of the autoimmune response
(Lu et al., 2010; Lu et al., 2014).

Several studies have shown that inflammatory condi-
tions increase retinoic acid synthesis and signal trans-
mission. Indeed, vitamin A deficient rats demonstrated
impaired antibody production after introducing bacterial
antigens (Pasatiempo et al., 1990). Therefore, vitamin A
deficiency may increase proinflammatory responses and
impair normal antibody activity (Cantorna et al., 1995).
Optimal vitamin A levels are required against enteric
pathogens and colonic inflammation given that its defi-
ciency is associated with more persistent infections
(McDaniel et al., 2015).

Qi et al. (2016) have recently suggested a correlation
between micronutrient deficiency in children (particular-
ly in vitamin A) and infectious diseases of the respira-
tory and digestive systems. Estimates have shown that
there are around 250 million vitamin A-deficient pre-
school children in developing countries, 10% of whom
may die due to increased susceptibility to infection. Since
around 1980, vitamin A supplementation has been one
of the most successful interventions for childhood in-
fections (Sommer et al., 1986; Brown and Noelle, 2015).
Meanwhile, several types of infections may result in de-
creased systemic vitamin A levels due to reduced intesti-
nal absorption and infection-induced anorexia (Sivakumar
and Reddy, 1972). A meta-analysis of 21 clinical trials
evaluated the preventive effects of vitamin A supplemen-
tation. Accordingly, six of the included studies showed
that vitamin A administration, following World Health
Organization guidelines (WHO, 1997), during infancy
may reduce diarrhea-specific mortality by 30% and all-
cause mortality by 25% in children aged between 6
months and 5 years in developing countries (Imdad et
al., 2011).

Overall, evidence suggests that healthy populations
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have significantly higher serum vitamin A levels than do
tuberculosis patients. Indeed, a longitudinal cohort study
demonstrated that vitamin A deficiency is dose-depend-
ently correlated with the occurrence of tuberculosis
(Aibana et al., 2017) and that its supplementation de-
creased the incidence of tuberculosis in patients with hu-
man immunodeficiency virus (HIV) (Campa et al., 2017).

Vitamin C

Vitamin C is an essential micronutrient with anti-inflam-
matory and antioxidant activities. It promotes collagen
synthesis, proliferation, and migration of fibroblasts nec-
essary for stabilizing epithelial barriers and widely im-
proves adaptive immunity by promoting T and B cell dif-
ferentiation and proliferation (Huijskens et al., 2014;
Kouakanou et al., 2020) and increasing antibody produc-
tion (Qi et al., 2020). The role of vitamin C is not lim-
ited to the modulation of adaptative immunity. In fact,
supplementation with vitamin C rich fruits for 4 weeks
promotes microbial killing by increasing neutrophil mi-
gration in response to chemotaxis and suppresses neutro-
phil extracellular traps (NETs), a network of extracellu-
lar fibers produced by activated neutrophils (Bozonet et
al., 2015). Vitamin C abolishes the lipopolysaccharide
(LPS)-induced production of proinflammatory cytokines
TNF-a and IL-6 (Molina et al., 2014; Shati et al., 2022)
and may suppress LPS-induced gene expression in human
macrophages via nuclear factor kappa-light-chain-enhanc-
er of activated B-cell (NF-xB) (Parahuleva et al., 2013).
Moreover, murine-activated B-cells showed a reduction in
apoptosis induction levels after a pretreatment with vita-
min C (Woo et al., 2010). Huijskens et al. (2015) showed
that the in vitro administration of vitamin C may enhance
the antitumoral capacity of NK cells.

A meta-analysis of randomized clinical trials (RCTs)
showed that vitamin C does not reduce the incidence of
colds, although it reduces their duration and severity
with good tolerability. It has also been shown to aid sub-
jects exposed to short periods of intense physical exer-
cise (Hemild and Chalker, 2013). Furthermore, vitamin
C has been used to reduce immunodepression induced
by intense exercise given its ability to mitigate lympho-
cyte reduction resulting from exercise and prevent upper
respiratory tract infections (Moreira et al., 2007). In ad-
dition, vitamin C and E supplementation (500 mg+400
mg for 21 days) promotes increased lymphocyte counts
following exercise (Petersen et al., 2001) but did not at-
tenuate the increase in inflammatory cytokines when tak-
en at a dosage of 1,500 mg/d (Nieman et al., 2002).

Vitamin D

Vitamin D is a steroid hormone that modulates immune
functions at the cellular level, lowering inflammatory cy-
tokine expression and increasing macrophage activity.

Therefore, vitamin D inhibits B-cell proliferation, differ-
entiation, and Ig secretion and blocks T cell proliferation,
facilitating the induction of Tregs (Aranow, 2011). Evi-
dence suggests that vitamin D may prevent the suppres-
sive effects of the adaptive immune system on Thl cell
formation by reducing IFN-y, IL-2, and IL-12 production
(Carvalho et al., 2017).

The modulatory functions eventually promote a reduc-
tion in inflammatory cytokines—particularly IL-17 and
IL-21 —and increase in anti-inflammatory cytokines (such
as IL-10). Vitamin D also acts on monocytes and dendrit-
ic cells, preventing monocytes from synthesizing inflam-
matory cytokines, such as IL-1, IL-6, IL-8, IL-12, and
TNF-o.. Moreover, vitamin D inhibits the differentiation
and maturation of dendritic cells, preserving an imma-
ture phenotype (Sassi et al., 2018). Vitamin D also pro-
motes the expression of antimicrobial peptides (AMPs),
principally cathelicidin and defensin, that are present in
NK cells, monocytes, neutrophils, and epithelial cells lin-
ing the respiratory tract, protecting the lungs from severe
infections such as tuberculosis (Mawson, 2013).

Epidemiological studies show that vitamin D deficien-
cy may increase the risk of autoimmune and respiratory
diseases, including asthma (Wang et al., 2022). Values of
1,25-dihydroxy vitamin Ds [1,25(OH),Ds], the biologi-
cally active form of vitamin D, are considered sufficient,
deficient, and insufficient if they are >30 ng/mlL, be-
tween 21 and 29 ng/mlL, and <20 ng/mlL, respectively.
Based on these values, estimates have shown that 1 bil-
lion people worldwide suffer from vitamin D insufficiency
or deficiency (Dawson-Hughes et al., 2005).

A study on over 19,000 individuals also highlighted
that vitamin D levels were associated with an increase in
immune defenses such that subjects with vitamin D de-
ficiency were more likely than others to have recently had
an upper respiratory tract infection (Ginde et al., 2009).
The administration of vitamin D (1,200 IU/d vs. placebo)
over 4 months (from December to March) significantly
reduced the incidence of influenza A in school-aged chil-
dren by 42% (Urashima et al., 2010). Vitamin D deficien-
cy has also been associated with various autoimmune
diseases, including systemic lupus erythematosus
(Athanassiou et al., 2022). More recently, vitamin D de-
ficiency was proposed as a possible factor in the suscept-
ibility, severity, and mortality of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) infection (Jain
and Parsanathan, 2020; Razdan et al., 2020).

Vitamin E

Vitamin E is essential for the normal functioning of im-
mune cells, exerting multiple effects on innate immuni-
ty. For instance, it reduces the release of reactive oxygen
species (ROS) by monocytes and their adhesion to the
endothelium (Lee and Han, 2018). It also acts on T cells
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by suppressing the activity of the transcription factor
NF-«B, thereby blocking Fas ligand expression and pre-
venting T cell activation-induced cell death (Li-Weber et
al., 2002; Lewis et al., 2019).

Vitamin E supplementation has been shown to enhance
cell-mediated and humoral immune responses in various
animal species. Notably, dietary interventions involving
vitamin E increased lymphocyte proliferation, Ig and IL
levels, and NK cell activity (Tanaka et al., 1979; Bendich
et al., 1986; Meydani et al., 1986; Moriguchi et al., 1990;
Wakikawa et al., 1999; Beharka et al., 2000; Ren et al.,
2010). Moreover, several animal studies have revealed
that vitamin E supplementation is involved in enhanced
resistance against several pathogens (Tvedten et al., 1973;
Hayek et al., 1997; Han et al., 2000).

Preclinical results in humans confirmed that adminis-
tering 200 mg/d of vitamin E for 3 months may increase
lymphocyte proliferation, IL-2 production, neutrophil
function, and NK cell activity (De la Fuente et al., 2008).
Moreover, a clinical trial that evaluated the effects of ad-
ministering 200 IU of vitamin E (o-tocopherol) for 1
year in an elderly population residing in a nursing home
showed that vitamin E supplementation protects against
upper respiratory tract infections. In particular, supple-
mentation reduced the incidence of colds and the number
of subjects who contracted a cold. Thus, clinical studies
have confirmed the efficacy of vitamin E supplementa-
tion (200 IU daily for 1 year), especially in preventing
respiratory tract infections in the elderly (Meydani et al.,
2004).

Vitamin B complex
B vitamins are also involved in immune system regula-
tion. For instance, vitamin B1 influences mitochondrial
membrane potential, apoptotic proteins, and protein ki-
nases [p38 mitogen-activated protein kinases (p38-
MAPK)]; suppresses NF-kB-induced oxidative stress; and
exhibits anti-inflammatory properties. Vitamin B1 defi-
ciency can cause T cell infiltration and chemokine (C-C
motif) ligand 2 activation, as well as the overexpression
of proinflammatory molecules, such as IL-1, TNF, IL-6,
and arachidonic acid derivatives (Spinas et al., 2015).
Vitamin B2 (or riboflavin) exhibits antioxidant and an-
ti-inflammatory effects. In fact, vitamin B2 supplementa-
tion in mice increased the phagocytic activity of macro-
phages infected with Staphylococcus aureus, decreasing the
levels of IFN-y, IL-6, and IL-1f (Dey and Bishayi, 2016).
Vitamin B6 modulates both humoral and cellular im-
munity. Specifically, vitamin B6 deficiency may alter lym-
phocyte differentiation and maturation, reduce delayed-
type hypersensitivity responses, and indirectly alter anti-
body production. Dietary vitamin B6 supplementation
(50~100 mg/d) for 14 days improved the immune re-
sponse in critically ill patients (Cheng et al., 2006). In

addition, administering 100 mg/d of vitamin B6 for 12
weeks in patients with rheumatoid arthritis can suppress
the release of proinflammatory IL-6 and TNF-a. (Huang
et al,, 2010).

Vitamin B12, also known as cobalamin, is a water-sol-
uble vitamin involved in DNA synthesis and the metabo-
lism of fatty and amino acids. This vitamin is thought to
modulate the immune system by keeping lymphocyte
Treg counts within the normal range and reducing pro-
inflammatory cytokines (Boran et al.,, 2021). Recently,
studies have confirmed its involvement in enhancing
CD8+ and NK cell activity. Vitamin B12 deficiency has
been linked to reduced NK cell activity and a decrease in
the number of circulating lymphocytes. Supplementa-
tion with this vitamin can alter these immunological re-
sponses by increasing CD8 T cell and NK cell activity.
Moreover, Kavitha et al. (2022) found that vitamin B12
is a helpful modulator of the immunological and inflam-
matory conditions of patients with HIV.

MINERAL SALTS

Zinc is a micronutrient strongly implicated in immune
function and antioxidant response. Its deficiency reduces
the activity of acquired and innate immunity, thereby in-
creasing the risk of frequent infections, cancer, and
chronic diseases. It also helps maintain the integrity of
mucosal membranes, the immune system’s first line of
defense (Fraker and King, 2004). Zinc deficiency sup-
presses NK cell lytic activity (Haase and Rink, 2009),
the development of proinflammatory Th17 and Th9 cells
(Kitabayashi et al., 2010; Maywald et al., 2018), the oxi-
dative burst of polymorphonuclear leukocytes (PMNs)
(Moroni et al., 2005), and mast cell activation (Kabu et
al., 2006). Therefore, zinc may modulate the CD34+ pro-
genitor cell differentiation into NK cells in vitro (Muzzioli
et al.,, 2007), with its supplementation promoting in-
creased levels of IFN-y-producing NK cells (Metz et al.,
2007).

Selenium is one of the important trace elements found
in whole grains and dairy products. It is involved in main-
taining immune homeostasis (Kryukov et al., 2003), stim-
ulating Th, cytotoxic T cell, and NK cell functions (Mehdi
et al., 2013). Specifically, selenium reduces the levels of
oxidized metallothioneins through glutathione perox-
idase (a protein containing a selenocysteine residue that
reduces oxidative damage) (Maret, 2003), which results
in the activation of certain zinc-dependent antioxidant
enzymes that consequently prevent oxidative stress. Se-
lenium supplementation (400 pg/d) for 6 months im-
proves NK cell cytotoxicity in elderly subjects (Wood et
al., 2000). Finally, selenium deficiency in aged popula-
tions appears to be associated with increased IL-6 levels
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and a higher risk for mortality over a 5-year observation
period (Walston et al., 2006). Selenium strongly reduces
the expression of the target genes of NF-xB, a positive
regulator of HIV activation from a latent state, interfer-
ing with controlled HIV replication (Makropoulos et al.,
1996). Several clinical trials have assessed the reduction
of blood selenium levels in HIV-infected patients at dif-
ferent stages of HIV and the positive effects of its supple-
mentation on disease progression. Indeed, lower seleni-
um levels were associated with opportunistic infections
and increased HIV-related mortality (Baum et al., 1997).
Notably, combined supplementation comprising selenium
(80 pg daily) and vitamin E (25 mg daily) for 2 months
significantly improved symptoms of HIV (Cirelli et al.,
1991).

Copper is a trace element that contributes to immune
system function, particularly of PMNs and monocytes
(Maggini et al., 2007). Copper deficiency may alter cellul-
ar antioxidant systems by decreasing superoxide dismu-
tase production, thereby increasing oxidative DNA dam-
age and ultimately downregulating the immune response
(Pan and Loo, 2000). Dietary copper intake generally sat-
isfies the daily requirements as people age. Therefore,
copper supplementation in the elderly is not always nec-
essary. However, to correct immune system alterations,
copper supplementation (up to 2 mg/d) in adults is pos-
sible (Festa and Thiele, 2011).

Several investigators have highlighted a potential link
between magnesium levels in the blood and the body’s
immune response given that magnesium acts as a co-fac-
tor in Ig synthesis, C3 convertase activation (complement
activation), immune cell adhesion, antibody-dependent
cytolysis, macrophage response to lymphokines, and Th-
B-cell adhesion (Galland, 1988). Magnesium deficiency
may be accompanied by the activation of macrophages
and neutrophils and an increase in phagocytosis
(Malpuech-Brugere et al., 2000).

POLYUNSATURATED OMEGA-3 FATTY ACIDS
(n-3 PUFA)

n-3 PUFA, including docosahexaenoic acid (DHA) and
eicosapentaenoic acid (EPA), are essential molecules in
humans that cannot be synthesized de novo (Davinelli et
al., 2022). Fish (excluding farmed fish) is one of the main
sources of these molecules, and EPA and DHA are found,
for example, in algae (Sokota-Wysoczanska et al., 2018).

n-3 PUFA can modulate inflammatory cell function
through various mechanisms. Recently, EPA and DHA
supplementation was proposed as a strong and effective
preventive measure and a supportive strategy against
SARS-CoV-2 infection (Szabd et al., 2020). However, n-3
PUFA also represent precursors of many lipid mediators,

which can act as signaling molecules. Indeed, some EPA-
and DHA-derived mediators exert anti-inflammatory
properties; in particular, resolvins, protectins, and mar-
esins have been the subject of numerous investigations
(Cipollina, 2015). These oxidized forms of EPA and DHA
are better activators of peroxisome proliferator-activated
receptor y than are parent lipids, leading to NF-«B inhib-
ition—one of the mechanisms by which n-3 PUFA and
their derivatives promote anti-inflammatory activities
(Im, 2012).

In detail, RvE1 promotes the resolution of inflamma-
tion by inhibiting transendothelial migration and PMN
infiltration and enhancing macrophage clearance PMN
phagocytosis and apoptosis (Campbell et al., 2007;
Schwab et al., 2007). Similar activities have been dem-
onstrated by RvD1 and RvD2 detected mainly in human
adipose tissue, although their concentrations were re-
duced in overweight/obese subjects (Claria et al., 2012).
The addition of RvD1 and RvD2 to inflamed adipocytes
can reduce IL-6 and IL-1p release and the monocyte mi-
gration phenomenon (Spite et al., 2009).

PHYTOCOMPOUNDS

Polyphenols

Polyphenols, which are non-energetic secondary metab-
olites produced by plants in response to stress, have been
described as pharmacologically active compounds with
immunomodulatory activity (Shakoor et al., 2021). The
effects of polyphenols on innate immunity have been
studied in various mouse models and clinical studies
(Han et al., 2007; Magrone and Jirillo, 2014). Hydroxy-
tyrosol, a polyphenol found in extra virgin olive oil, ex-
hibits anti-inflammatory activity and represses proinflam-
matory and proatherosclerotic genes, thereby reducing
the inflammatory capacity of peripheral blood mono-
nuclear cells (PBMCs) (Granados-Principal et al., 2010).
Carnosol and curcumin attenuate the increase in gly-
colysis and preserve the respiratory capacity of dendritic
cells in response to LPS stimulation. They exert this im-
munosuppressive property through the AMP-activated
protein kinase-dependent expression of heme oxygenase
1 (Campbell et al., 2019).

Pallauf et al. (2013) described that the molecular mech-
anisms by which dietary polyphenols (mainly flavonoids
and resveratrol) enhance autophagy in aged cells involve
the modulation of the activity of sirtuins (molecules that
induce autophagocytosis) and the production and activa-
tion of kinases. The increased autophagy of PMNs, mon-
ocytes, and macrophages achieved by dietary polyphenol
supplementation may reduce the risk of infectious and
neoplastic diseases (Mukherjee et al., 2020; Patra et al.,
2021). For example, the anticarcinogenic effects of curcu-
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min, the polyphenol extracted from Curcuma longa, have
been attributed to increased macrophage and NK cell ac-
tivation (Zhang et al., 2007). Indeed, curcumin can en-
hance NO production by NK cells, exhibiting antitumor
effects (Bhaumik et al., 2000). Other polyphenols have
also shown immunomodulatory effects on the number
and activity of NK cells. For instance, studies in animal
models have shown that green tea catechin metabolites
increase NK cell cytotoxicity (Kim et al., 2016) and that
quercetin enhances NK cell Iytic activity (Exon et al.,
1998). Meanwhile, a clinical trial revealed that supple-
mentation with juices rich in polyphenols (330 mL daily
for 2 weeks) among healthy participants with a diet low
in polyphenols increased lymphocyte proliferation, IL-2
secretion, and NK cell lytic activity (Bub et al., 2003).

Curcumin acts also on immune innate responses, such
as NETs, an important extracellular killing mechanism.
Indeed, in neutrophils treated with polybrominated di-
phenyl ethers, curcumin counteracted the toxic effects by
reducing ROS and inhibited NET formation by interfering
with NRF2 (Ye et al., 2021). Several studies have also
reported that curcumin is involved in T lymphocyte pro-
liferation and activation, claiming that it reduces T cell
proliferation induced by compounds such as concanavalin
A, phytohemagglutinin, and phorbol-12-myristate-13-ace-
tate (Ranjan et al., 2004) and decreases IL-2 production
through NF-kB modulation (Ranjan et al., 1998).

Resveratrol may decrease the number of Th17 cells in
a rodent model of inflammatory arthritis (Xuzhu et al.,
2012). These cells play a clear role in the progression and
pathogenesis of several chronic inflammatory diseases,
such as rheumatoid arthritis, multiple sclerosis, psoriasis,
atopic dermatitis, and asthma (Zheng et al., 2007; Louten
et al., 2009; Cavani et al., 2012). One study showed that
grape seed proanthocyanidin extract also showed anti-
arthritic properties and that it upregulated the number of
Tregs and maintained the balance between Th17/Treg,
thereby attenuating inflammation (Ahmad et al., 2013).

In murine models of asthma, sesamin can reduce aller-
gic inflammation induced by asthma and airway hyper-
responsiveness (Lin et al., 2014). In another animal mod-
el of asthma, resveratrol promoted a significant reduction
in asthmatic parameters such as the production of Th2
cytokines, airway hyperresponsiveness, and eosinophilia
(Lee et al., 2009). In addition, the administration of a
polyphenol-rich ethanolic extract from Boehmeria nivea
may reduce allergic responses in a mouse model by sup-
pressing mast cell-mediated inflammation, decreasing
TNF-o, IL-1B, and IL-6 (Lim et al., 2020).

Several studies have shown the potential role of poly-
phenols in autoimmune diseases. Polyphenols may help
regulate pancreatic B cells, type 1 diabetes, and complica-
tions associated with type 1 diabetes (Apaya et al., 2020).
Quercetin treatment in mice with type 1 diabetes modu-

lated Th1/Th2 balance, suggesting its glucose-lowering
potential (Ravikumar and Kavitha, 2020). In addition,
butein was involved in the prevention of cytokine-in-
duced B cell damage and glucose-stimulated insulin se-
cretion, thereby preventing the progression of type 1 dia-
betes (Jeong et al., 2011). Similarly, polyphenols isolated
from Broussonetia kazinoki showed therapeutic potential
by preventing cytokine-induced B cell damage and re-
ducing/delaying the extent of pancreatic  cell damage
in type 1 diabetes (Bae et al., 2015).

Polyphenols may also improve the quality of life in pa-
tients with rheumatoid arthritis. Khojah et al. (2018) re-
ported that the dietary supplementation with a 1-g cap-
sule of resveratrol for 3 months decreased joint swelling
and tenderness by regulating proinflammatory cytokines.
Moreover, epigallocatechin gallate (EGCG) decreased
clinical symptoms in an animal model of rheumatoid ar-
thritis (Morinobu et al., 2008). Similarly, grape polyphe-
nols may mitigate inflammation, oxidative stress, and
rheumatoid arthritis-associated symptoms (Park et al.,
2011; Gongalves et al., 2017; Stamer et al., 2017). Admin-
istering polyphenol extracts from extra virgin olive oil
decreased the proinflammatory cytokines in arthritic mice,
resulting in decreased diseases progression (Rosillo et
al., 2014).

Polyphenols also play a role in the prevention and treat-
ment of inflammatory bowel disease. They may reduce
proinflammatory cytokines, regulate the activity of Tregs,
and promote the growth of beneficial microbiota in the
intestine. For example, dietary polyphenols from mango
(principally gallotannins and gallic acid) improved the
symptoms of inflammatory bowel disease in 10 subjects
who received 200~400 g/d of mango pulp for 8 weeks
(Kim et al., 2020). Moreover, green tea polyphenols may
exert beneficial effects against inflammatory bowel dis-
ease by reducing the expression of various proinflamma-
tory cytokines and regulating the composition of the lu-
minal microbiota (Rahman et al., 2018).

Phytocompounds from fungi

Various clinical studies have investigated the immuno-
stimulant and tumor growth-inhibiting abilities of fungi.
Such effects have been attributed mainly to not only
B-glucans, particularly B-1,3-D-glucans, and p-1,6-D-glu-
cans, but also polysaccharides, proteins, and other low
molecular weight compounds contained therein. They
inhibit tumor growth by stimulating the immune system
(Vlassopoulou et al., 2021). In particular, the active sub-
stances derived from fungi intensify the innate and ac-
quired immune response by activating immune effector
cells —lymphocytes, macrophages, and NK cells—and the
consequent production of cytokines, ILs, TNF-a, and
INF-y. Moreover, some specific extracts can modulate the
differentiation of CD4+ T cells into Th1 and Th2, which



Nutraceuticals and Immune System 95

are involved in chronic autoimmune and allergic diseases,
respectively (van Steenwijk et al., 2021).

The antitumor and immunostimulant activities of Gan-
oderma lucidum have been associated with its polysaccha-
ride content. Its immunostimulatory action in patients
with lung cancer suggests its potential additive role in
cancer treatment, noting that suppression of lymphocyte
activation by phytohemagglutinin can be partially or com-
pletely antagonized by polysaccharides extracted from
this fungus (Sun et al., 2014).

Another study evaluated the effects of administering
G. lucidum for 6 weeks (2.5 or 5 g daily) in soccer players
undergoing training including physical activity and expo-
sure to hypoxia for 28 days. This type of exercise may act
on the T lymphocyte structure. Study participants were
divided into three groups and consumed either 5 or 2.5
g/d of G. lucidum extract or a placebo. At the end of the
treatment, a significant reduction in the CD4+/CD8+
ratio was detected relative to the placebo group (Zhang
et al., 2008). Thus, the administration of G. lucidum was
able to regulate immune system activity, even in athletes.

Other studies have involved the mushroom Lentinula
edodes (Shiitake), whose major active component is B-
glucan. A clinical study on 52 healthy subjects was con-
ducted to explore the effects of administering 5 or 10 g/d
of mushrooms for 4 weeks. At the end of the treatment,
the ex vivo proliferation of y8 T cells (60% more) and NK
cells (2-fold more) had increased. In addition, both cell
types showed an increased ability to express activation
receptors. Furthermore, secretory IgA (sIgA) increased,
whereas C-reactive protein decreased. Finally, the pat-
tern of cytokines secreted after mushroom consumption
changed significantly owing to increased levels of IL-4,
IL-10, TNF-a, and IL-1a and a reduction in the macro-
phage inflammatory protein-1o/chemokine C-C ligand 3
ratio after shiitake intake. Thus, regular shiitake con-
sumption may improve immune function, as evidenced
by enhanced y8 T and NK cell proliferation and increased
sIgA synthesis (Dai et al., 2015).

One placebo-controlled clinical trial showed that Agari-
cus blazei Murill Kyowa extract administration for 6 weeks
to patients undergoing chemotherapy for cervical, ovari-
an, or endometrial cancer promoted a significant increase
in NK cell activity among treated subjects (Ahn et al.,
2004).

Another nutraceutical with immunostimulant potential
is B-glucan, which is extracted from Pleurotus ostreatus and
has been studied in sports contexts. Notably, evidence
shows that its supplementation for 2 or 3 months (50 or
200 mg daily) can mitigate reductions of immune sys-
tem responses induced by short-term, high-intensity ex-
ercise (Bobov¢ak et al., 2010; Bergendiova et al., 2011).
Finally, the immunostimulatory effects of P. ostreatus have
been evaluated in children. A clinical study observed 175

children aged 3 to 7 years who had more than five respi-
ratory infections during the 12 months before school
started. Participants were given a supplement with either
B-glucan and vitamin C or vitamin C alone for 12 months.
Notably, the study showed that 36% of children in the
active treatment group (10 mg/kg daily for 6 months) did
not suffer from respiratory infections, whereas only 21%
of those in the placebo group did not suffer from the
same. The frequency of influenza, flu-like illnesses, and
the number of lower respiratory tract infections also de-
creased in the active treatment group (Jesenak et al.,
2013).

Phytocompounds from Echinacea

Echinacea purpurea (L.), Echinacea angustifolia DC, and Echi-
nacea pallida are frequently used as medicinal plants to
prevent and treat colds, flu, and upper respiratory tract
infections. The immunostimulant activity of Echinacea oc-
curs via three main mechanisms: the activation of phag-
ocytosis, the stimulation of fibroblasts, and the enhance-
ment of respiratory activity resulting in increased leuko-
cyte mobility (Burlou-Nagy et al., 2022). Several in vivo
investigations have shown that Echinacea administration
boosts innate immunity and the ability to fight pathogen-
ic infections by activating neutrophils, macrophages, and
NK cells (Khalaf et al., 2019). Caffeic acid derivatives, al-
kamides, ketoalkenes, polysaccharides, and glycoproteins
are the molecules that mediate the immunostimulatory
and anti-inflammatory activities of Echinacea (Aarland et
al., 2017; Thomsen et al., 2018).

Echinacea halves the risk of recurrent respiratory infec-
tions in individuals with increased sensitivity and stress
or those in a state of immunodeficiency. Similar results
have been obtained in subjects with recurrent virologic
infections. Clinical evidence also indicates that Echinacea
might reduce the risk of recurrent respiratory infections
and related complications (David and Cunningham,
2019). Another meta-analysis including 14 RCTs inves-
tigating the effects of this plant on the incidence and du-
ration of the common cold found that Echinacea supple-
mentation reduced the cases of the common cold by 58%
and the duration of the cold by 1.4 days (Shah et al,,
2007). In general, the duration of the studies varied from
4 to 12 weeks, highlighting that the enhancement of im-
mune activity needs chronic administration and that the
final efficacy strongly depends on the subject’s compli-
ance.

Echinacea also possesses antiviral properties, especially
those that work against influenza, herpes, and syphilis
viruses. Potential mechanisms of action were related to
the stimulation of IFN production (polysaccharide moiety
binding to T lymphocyte receptors) and the inhibition of
the viral hyaluronidase enzyme (reduced cell permeabil-
ity of the virus) (Manayi et al., 2015). In addition, oral
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Echinacea extract intake enhances NK cell activity in
C57BL/6N mice exposed to a forced swimming exercise
by upregulating major histocompatibility complex II and
Th1 CD4+ T cell responses (Park et al., 2021).

Phytocompounds from papaya

The papaya fruit (Carica papaya) is rich in biologically ac-
tive components including chymopapain and papain. Pa-
paya seed extract is promoted as a nutritional supplement
that can strengthen the immune response (Kong et al.,
2021). Indeed, numerous studies have shown that papa-
yas exert significant anti-inflammatory and immunomod-
ulatory activities via different mechanisms. However, the
level of maturation, type of cultivation, and method used
to extract different components may promote differing
levels and types of bioactive phytochemicals (Pandey et
al.,, 2015).

A meta-analysis that evaluated the efficacy of C. papaya
extract in patients with Dengue fever showed an in-
creased platelet count after the fourth day of treatment.
However, after 48 h, no significant differences were de-
tected between the active treatment and control groups.
In addition, treated patients spent significantly fewer
days in the hospital than did untreated patients. Thus,
the reported data show that C. papaya leaf extract may
increase platelet counts in patients with Dengue fever
(Charan et al., 2016).

Phytocompounds from garlic

Owing to its antimicrobial and immunostimulant prop-
erties, garlic (Allium sativum L.) has been used to prevent
and treat numerous diseases. Allicin is the main bio-
active compound of garlic, which is produced from alliin
by the enzyme alliinase. Immunomodulating proteins
have also been isolated from garlic, particularly lectins
or agglutinins (Melguizo-Rodriguez et al., 2022). The im-
munomodulatory effects of garlic have been attributed
due to increased macrophage and NK cell activity and T
and B lymphocyte production. Clinical studies have
shown that garlic supplementation can reduce the num-
ber, duration, and severity of upper respiratory tract in-
fections (Percival, 2016; Ried, 2016).

An oncological study investigated patients with color-
ectal, hepatic, or pancreatic cancer who were treated with
aged garlic extract or a placebo for 6 months. At the end
of the study, subjects treated with the active product (500
mg daily for 24 weeks) experienced an increase in the
number and activity level of NK cells without suffering
any side effects (Ishikawa et al., 2006).

Systemic inflammation during obesity is often accom-
panied by a reduced number of v8 T cells. This subset of
cells represents the ability of innate lymphocytes to re-
spond to dietary bioactive components (Poles et al., 2021).
A recent clinical trial investigated the immunomodulatory

effects of garlic in a population of obese adults. Compared
to the placebo group, the aged garlic extract group dem-
onstrated a significantly higher percentage of yd T cells
and lower IL-6 and TNF-a levels, which are one of the
causes of systemic inflammation during obesity (Xu et
al,, 2018).

Phytocompounds from ginseng

The three most used species of ginseng are Asian or Ko-
rean ginseng (Panax ginseng), American ginseng (Panax
quinquefolius), and Siberian ginseng or, more properly,
Eleutherococcus (Eleutherococcus senticosus). Other types of
ginseng include Japanese ginseng (Panax japonicus), Viet-
namese ginseng (Panax vietnamensis), Indian ginseng (Whi-
tania somnifera), Brazilian ginseng (Suma, Pfaffia panicul-
ata), Peruvian ginseng (Maca, Lepidium meyenii), and wild
ginseng (Aralia nudicaulis). The main active constituents
(generally between 2 ~9%) of ginseng are triterpene sap-
onins known as ginsenosides. More than 100 different
ginsenosides have been identified in P. ginseng. Further-
more, various minor constituents (such as essential oils
and phytosterols) have been extracted and isolated from
this plant’s root, stem, and leaves (Liu et al., 2021).

Few clinical studies have focused on the potential im-
munomodulatory properties of ginseng. For example, Liu
et al. (1995) reported that the ginsenoside Rgl stimu-
lates lymphocyte proliferation in 10 young and 19 eld-
erly people. In addition, Rgl significantly improves lym-
phocyte membrane fluidity (possibly due to its antioxi-
dant activity), thereby intensifying immune function.
Moreover, in an RCT that included 20 healthy adults,
supplementation with P. ginseng (300 mg/d) significantly
increased phagocytic activity and chemotaxis of PBMCs
(Scaglione et al., 1990). Finally, among 227 volunteers
treated for 3 months with either a flu vaccine+placebo or
100 mg of ginseng extract (+flu vaccine), the prevalence
of colds and the flu was significantly higher in the placebo
group than in the active treatment group (42 cases vs.
15 cases) (Scaglione et al., 1996).

Phytocompounds from astragalus
Astragalus root (Astragalus membranaceus) occupies an
important place in traditional Chinese medicine given its
pleiotropic actions on the cardiovascular, nervous, and
immune systems. Astragalus polysaccharide is one of the
most significant bioactive components derived from the
dry root. Several studies have shown its effects on seve-
ral immune cells. In particular, it appears to promote the
activities of macrophages, NK cells, dendritic cells, T
cells, and microglia and induce the expression of various
cytokines and chemokines (Li et al., 2022).

Hou et al. (1981) demonstrated that supplementation
with 8 g/d of astragalus in 14 healthy volunteers for 2
months significantly increased the IFN-producing capac-
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ity of blood cells relative to placebo. This capacity was
maintained 2 months after the treatment was discon-
tinued.

Phytocompounds from Schisandra

Schisandra (Schisandra chinensis) has been used tradition-
ally for years (mostly on an empirical basis) as a remedy
for general fatigue and neurasthenia. As a nutraceutical,
it fits with the profile and definition of an adaptogen.
This property appears to be the leading explanation for
its effects on the immune system, which suggests that it
exerts a normalizing action that somehow restores an al-
tered balance (in this case, immune defenses) (Nowak et
al.,, 2019).

Dibenzocyclooctadiene lignans isolated from Schisan-
dra positively impacted the redox status of monocytes,
the maturation of dendritic cells, and the activation of T
cells (Kortesoja et al., 2019). Cyanidin 3-rutinoside, the
major anthocyanin pigment of Schisandra, ameliorated
phorbol-12-myristate-13-acetate/A23187-induced allergic
inflammation in vitro, suppressing inflammatory cyto-
kines. Therefore, this anthocyanin inhibited the secre-
tion of inflammatory cytokines, such as IL-6 and TNF-a,
while also suppressing NF-kB phosphorylation (Jeon et
al.,, 2019).

A clinical study evaluated the effects of supplementa-
tion comprising a combination of aqueous extracts of
Schisandra, Rhodiola, Eleutherococcus, and Leuzea car-
thamoides roots on immunity in ovarian cancer patients.
A total of 28 patients under drug treatment (cisplatin+
cyclophosphamide) were treated with 270 mg/d of nutra-
ceutical or placebo for 4 weeks at the end of their chem-
otherapy cycle. After 4 weeks, the treatment group
showed significantly greater mean IgG and IgM levels
than did the placebo group. This result indicates that
such a combination of predominantly adaptogenic plant
extracts can intensify immunity suppressed by pharma-
cological anticancer therapy in patients with ovarian can-
cer (Kormosh et al., 2006).

Lebedev et al. (1970) reported that the administration
of Schizandra significantly decreased the morbidity rate
among school children during an influenza epidemic in
1969. Among the studied school children, the morbidity
rate was 19.5% in the control group and 12.5% in the
Schisandra-treated group (net decrease=35.9%) after 1
month. The net decrease was even more significant
(65%) after 2 months. In addition, the Schisandra-treated
group demonstrated a shorter duration of influenza in-
fections and less severe clinical manifestations than did
the control group.

Phytocompounds from Rhodiola and Withania
Rhodiola roots and rhizomes are used in traditional Chi-
nese medicine. Their pharmacologically active compounds

include organic acids (gallic, caffeic, and chlorogenic ac-
ids), flavonoids, catechins, proanthocyanidins, tannins,
and phenolic glycosides. In vitro studies have shown that
Rhodiola kirilowii extract stimulates granulocyte activity
and increases lymphocyte responses to mitogens (Wojcik
et al., 2009). Long-term supplementation with R. kirilowii
extracts in mouse mothers during pregnancy and lacta-
tion increased the percentage of granulocytes and de-
creased those of lymphocytes (Lewicki et al., 2017). In
another study, Rhodiola rosea extract (0.5 or 1 g daily for
45 days) suppressed proinflammatory cytokines but did
not enhance T cell-mediated immunity (Xu et al., 2013).

Withania somnifera (Ashwagandha), also called Indian
ginseng or winter cherry, is used in Indian medicine like
ginseng. It consists primarily of alkaloids (witanin, sco-
poletin, somniferin, isopelletierin, and anaferin), steroidal
lactones (witanolides and witaferins), terpenoids with a
tetracyclic skeleton such as cortisol (sitoindosides I~IV)
and essential oil (puranol), and various acylsteryl glyco-
sides (Paul et al., 2021).

A clinical study evaluated the effects of W. somnifera on
the immune system, particularly on four types of immune
cells. Participants took W. somnifera root extract twice a
day for 96 h and were subjected to peripheral blood sam-
pling at 0, 24, and 96 h to determine differences in the
cellular expression of CD4, CD8, CD19, CD56, and CD69
receptors via flow cytometry. After 96 h, the expression
of all measured receptor types increased relative to their
pretreatment levels, indicating a change in immune cell
activation. In detail, a significant increase in CD4 expres-
sion was observed on CD3+ T cells, and CD56+ NK cells
were activated (Mikolai et al., 2009).

PROBIOTICS

Some probiotic strains could play an important immuno-
modulatory role in several disorders, including allergic
asthma, some atopic dermatitis, and rheumatoid arthri-
tis. However, the mechanisms by which they operate have
yet to be fully understood. The most plausible explana-
tion for the antimicrobial and immunomodulatory effects
of probiotics is related to the mechanisms of microbial
fermentation by specific strains (mainly Bacteroides) that
generate fatty acids and organic acids endowed with a se-
ries of pleiotropic activities (e.g., anti-inflammatory, hy-
potensive, chemo-preventive, antimicrobial, and immu-
nostimulant activity) (Cristofori et al., 2021).

Another peculiarity of these microorganisms is that
they act at the level of the intestinal mucosa by strength-
ening “tight junctions” and, therefore, the intestinal bar-
rier. Thus, they exponentially reduce the translocation of
pathogenic microorganisms into the bloodstream, there-
by weakening the immune response. The strains that ad-
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here the most securely to the intestinal mucosa are Lac-
tobacilli and Bifidobacteria. It is apparent that the gut is a
vital organ for immune homeostasis; therefore, more than
70% of immune cells are localized at the intestinal level,
where probiotics interact with epithelial cells, dendritic
cells, and macrophages through various pathways. In par-
ticular, they interact with Toll-like receptors, which are
responsible for the body’s defense signal cascade (innate
immunity), mediating gene expression (Sirisinha, 2016).

Probiotic supplementation could be a viable strategy for
reducing the inflammatory state and preserving the im-
mune system, especially in the elderly. For instance, evi-
dence shows that supplementation with Bifidobacterium
animalis increased the fecal concentration of polyamines.
These molecules play an anti-inflammatory role in the in-
testine, thereby preserving the integrity of the intestinal
mucosal barrier. These experimental data are supported
by reports that supplementation with Bifidobacterium
through yogurt in hospitalized elderly patients increases
luminal polyamine content and reduces intestinal symp-
toms (Matsumoto and Benno, 2007).

Some interesting RCTs regarding the effects of pro-
biotics on innate immunity have been available. For in-
stance, in one study, supplementation with Bifidobacte-
rium lactis in elderly subjects significantly increased T and
NK cells and improved phagocytic functions (exerted by

PMN and monocytes) and tumoricidal activity of NK cells
themselves (Gill et al., 2001). In addition, probiotic treat-
ment has been shown to improve vaccine efficacy, as evi-
denced by increased specific antibody titers, improved NK
and PMN functionality, and decreased incidences of the
flu and fevers (Namba et al., 2010). Probiotics also ap-
pear to have a control function in disorders caused by hy-
perstimulation leading to an excessive immune response
(e.g., in atopic dermatitis, certain types of colitis, and
autoimmune diseases such as rheumatoid arthritis)
(Sharma and Im, 2018).

CONCLUSION

Some nutraceuticals appear to safely improve immune
system function by preventing viral and bacterial infec-
tions in specific populations, such as children, the eld-
erly, and athletes. They have also shown to benefit some
frail patients, such as those affected by systemic lupus
erythematosus, asthma, rheumatoid arthritis, diabetes
mellitus, inflammatory bowel disease, acquired immune
deficiency syndrome, and cancer. Table 1 and 2 summa-
rize available preclinical and clinical studies described
and discussed in the current review. In most cases, fur-
ther large and long-term RCTs are needed to confirm the

Table 1. Preclinical studies regarding the effects of nutraceuticals on the immune system

Intervention details

(duration and oral dose)

Key findings

Reference Model Nutraceutical
Pasatiempo Male Lewis rats Vitamin A
et al., 1990

Cantorna B10.BR mice Vitamin A
et al., 1995

McDaniel C57BL/6 mice Vitamin A
et al., 2015

Qi et al, C57BL/6 and ascorbic  Vitamin C
2020 acid deficient Gulo”"

mice

Ren et al., Male young and old Vitamin E
2010 C57BL/6 mice

Bendich Young rats Vitamin E
et al., 1986

Meydani Old mice Vitamin E
et al., 1986

Wakikawa  Young and old C57BL/6 Vitamin E
et al., 1999 mice

Moriguchi Male F344 rats Vitamin E
et al., 1990

Tanaka SL mice Vitamin E
et al., 1979

Beherka C57BL/6NCrIBR mice  Vitamin E
et al., 2000

Han et al., C57BL/6 mice Vitamin E
2000

Hayek et al., C57BL/6NIA mice Vitamin E
1997

Tvedten Sprague-Dawley rats Vitamin E +
et al., 1973 Vitamin A

Deficient diet, 5 d

6 wk, 500 mag/kg

6 wk, 500 ma/kg

9 wk, 500 IU (500 mg)
7 d, 50, 100, 250, 500,
2,500 mg/kg

6~12 wk, 200 mg/kg

6 mon, 500 mg/kg

8 wk, 500 mg/kg

6 wk, 500 mg/kg

6 wk, 180 mg/kg diet +
6,000 IU vitamin A

Vitamin A deficient diet - Impaired antibody production against

bacterial antigens

- Increased proinflammatory response (IL-12
and IFN-y)

Vitamin A deficient diet - Severe gut infection and increased mortality

after exposition to Citrobacter rodentium
- - Block of plasma cell differentiation and
reduced humoral immune response in
deficient mice
- Improved T cell proliferation (old) and IL-13
levels (young)

8~10 wk, 50, 200 mg/kg - Improved T and B cell proliferation and

responses to mitogens
- Increased lymphocyte proliferation and IL-2
levels
- Increased lymphocyte proliferation and IFN-y
levels (young)
- Increased lymphocyte proliferation and NK
activity
- Increased antibody response

- Reduced IL-6 levels and NOS production by
macrophages

- Reduced influenza titer

- Increased IL-2 and IFN-y production

- Reduced influenza A/PC/1/73 (H3N2) titer

- Increased Mycoplasma pulmonis resistance to
infection
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Intervention details

Reference Model Nutraceutical (duration and oral dose) Key findings
Malpuech- Male Winstar rats Magnesium 4~8 d, Mg deficient diet - Increased IL-6 levels
Brugére - Increased macrophages number and activity
et al., 2000
Bhaumik Winstar rats Curcumin 20 d, 20 mg/d - Increased NO production by NK cells
et al., 2000 (intraperitoneal
injection)
Exon et al,, Female Quercetin 7 wk, 100 mg/kg - Increased NK cells activity
1998 Sprague-Dawley rats
Ahmad et al., BALB/c mice Proanthocyanidin Grape seed - Upregulation of Treg cells
2013 proanthocyanidin - Reduction of inflammatory mediators’ levels
extract, 14 d, 25, 50, or
100 mg/kg
Lin et al.,  Male BALB/c mice Sesamin 6 d, 1 mg/kg, 10 mg/kg, - Decreased expression levels of IL-4, IL-5,
2014 and 20 mg/kg IL-13, and serum IgE
(intraperitoneal - Reduced total inflammatory cells and
injection) eosinophils
Morinobu Male DBA/1 mice EGCG 15 d, 20 ng/g/d - Ameliorated arthritis during disease course
et al., 2008 (intraperitoneal
injection)
Gongalves  Male Holtzman rats Grape polyphenols Merlot grape pomace - Normal oxidative stress indicators (GSH,
et al., 2017 extract, 23 d, 250 GSGG, GSH/GSGG)
ma/kg/d
Stamer Female TNF transgenic Grape polyphenols Grape powder, 4 wk, - Decreased inflammation induced formation of
et al,, 2017 mice 50~100 g/kg/d synovitis/enthesitis
- Downregulated TNF-mediated enhancement
in transcript levels of cytokines (TNF and
IL-1B), RANKL, MMP1&3, and CCL3/MIP1a
Lee et al., Female BALB/c mice  Resveratrol 32 d, 30 mg/kg - Decrease of IL-4 and IL-5 in plasma and
2009 (nebulization on days bronchoalveolar lavage fluid
28, 29, and 30) - Suppression of airway hyperresponsiveness,
eosinophilia, and mucus hypersecretion
Ravikumar  Adult male BALB/c mice Resveratrol 12 d, 10~30 mg/kg - Decreased number of eosinophils and IL-4
and levels
Kavitha, + Reduced the allergic airway inflammation by
2020 inhibiting inflammatory cell infiltration and

mucous cell metaplasia

- Significant glucose reduction

Bae et al., Male C57BL/6 mice Kazinol C and 3 d, 10 mg/kg

2015 isokazinol D (intraperitoneal
injection)

Khalaf et al., Mature albino rats Phytocompounds Herbal formulation

2019 from Echinacea  containing E. purpurea

purpurea extract, 2 wk, 250

mg/kg

Park et al., C57BL/6N mice Phytocompounds 2 wk, 50, 100, and 200 -

2021 from E. purpurea mg/kg

Lewicki et Pregnant BALB/c mice Phytocompounds A, kirilowii agueous or

al., 2017 from Rhodiola 50% hydroalcoholic
kirifowii extracts, 28 d, 20
ma/kg/d

- Prevention of cytokine-induced B-cell damage

- Increased activation of activating neutrophils,

macrophages, and NK cells

Increased NK cell activity, MHC 1I, CD4+ T
cells, Th1 cytokines, and B-cell proliferation

- Increased percentage of granulocytes
- Decreased percentage of lymphocytes
- Stimulation of granulocyte phagocytosis

IL, interleukin; IFN-y, interferon-y; NET, neutrophil extracellular trap; NK, natural killer; NOS, nitric oxide synthase: NO, nitric oxide;
Treg, regulatory T cell; IgE, immunoglobulin E; GSH, reduced glutathione; GSGG, oxidized glutathione; TNF, tumor necrosis factor;
RANKL, receptor activator of nuclear factor-xB ligand: MMP, matrix metalloproteinase; CCL3/MIP-1a, chemokine C-C ligand 3/mac-
rophage inflammatory protein-1o;. MHC II, major histocompatibility complex class II; CD, cluster of differentiation; Th1, T-helper

1 cells.

positive findings presented in this review and determine ~ FUNDING
the recommended intake that would provide optimized
or boosted immune functions. None.
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Table 2. Clinical studies regarding the effects of nutraceuticals on the immune system

Intervention

Reference Study population Nutraceutical details/status Key findings
(duration and dose)
Qi et al,, 2016 684 healthy children Vitamin A Vitamin A deficiency - Higher risk of acute respiratory tract

Sommer et al,
1986

Imdad et al.,
20117

Aibana et al.,
2017

Bozonet et al.,
2015

Hemila et al.,
2013"
Moreira et al.,,
2007"

Petersen et al,,
2001

Nieman et al.,,
2002

Wang et al.,
2022"

Ginde et al.,,
2012

Urashima et al., 334 school children

2010

(5 mon~12 yr)
5,939 preschool
children

Neonates, infants

(1~6 mon) and

children (6~59 mon)

889 household
contacts of
pulmonary
tuberculosis

14 young men (18~30 Vitamin C
yr) with suboptimal

plasma vitamin C

status (<50 pmol/L)

11,306 participants

1,603 athletes

20 male recreational

runners
28 runners

5,711 children with

asthma

18,883 participants

(>12 yr)

De La Fuente et 33 elderly

al., 2008

Meydani et al.,
2004

Cheng et al.,
2006

Huang et al.,,
2010

Boran et al.,
2021

Tamura et al.,
1999

Kavitha et al.,
2022

Wood et al.,
2000

Walston et al.,
2006

Baum et al,,
1997

Cirelli et al.,,
1991

participants

617 elderly

participants (>65 yr)
51 intensive care

patients

35 patients with
rheumatoid
arthritis

611 healthy infants

19 patients

55 HIV positive
patients

45 elderly

participants (57~84

yr)

619 elderly women

125 HIV positive
patients

12 HIV positive
patients

Vitamin A Over 1 yr, 200,000 IU
Vitamin A -
Vitamin A Vitamin A deficiency

C rich kiwi fruit/d,
4 wk

Vitamin C -

Vitamin C -

Vitamin C +Vitamin E 21 d, 500 mg+400 mg -

vitamin E
Vitamin C 8 d, 1,500 mg/d
Vitamin D -
Vitamin D -
Vitamin D 4 mon, 1,200 IU/d
Vitamin E 3 mon, 200 mg/d
Vitamin E 1 yr, 200 IU/d
Vitamin Bé 14 d, 50~100 mg/d
Vitamin Bé6 12 wk, 100 mg/d
Vitamin B12 Vitamin B12 deficiency -
Vitamin B12 Vitamin B12 deficiency -
Vitamin B12 Vitamin B12 deficiency -
Selenium 6 mon, 400 pg/d
Selenium Selenium deficiency
Selenium Selenium deficiency

Selenium + Vitamin E 2 mon, 80 pg/d+25
mg/d vitamin E

Two SunGold vitamin

infection and diarrhea

- Reduced mortality

- Reduced all-cause and diarrhea-specific

mortality in children (6~59 mon)

- Higher risk of occurrence of tuberculosis

in a dose-dependent manner

- Increased neutrophil chemotaxis

- Reduction of duration and severity of colds

- Reduction of the immunodepression

induced by intense exercise and
prevention upper respiratory tract
infections

Increased lymphocyte counts following
exercise

* No changes in inflammatory cytokines

- Increased risk of asthma in vitamin D

deficient children

- Serum 25(0OH)D levels inversely associated

with recent upper respiratory tract
infections

- Reduction of the incidence of Influenza A

+ Increased lymphocyte proliferation, IL-2

production, neutrophil function, and NK
cell activity

- Protective effect on upper respiratory tract

infections, particularly the common cold

- Increased total lymphocyte count and

T-helper and T-suppressor cell levels

* Decreased plasma IL-6 and TNF-a levels

significantly

Reduced percentage of Treg cells

- Increased proinflammatory cytokines

levels

Decreased number of lymphocytes and
CD8+ cells

- Higher CD4+/CD8+ ratio
- Suppressed NK cell activity

Reduced NK cell activity

- Increased CD8+ cells

- Increased number of T cells
- Improvement in NK cell cytotoxicity

* Increased IL-6 levels
* Increased risk of mortality
- Increased risk of mortality

- Symptomatic improvement
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Intervention

Reference Study population Nutraceutical details/status Key findings
(duration and dose)
Bub et al.,, 27 healthy men Polyphenols (cyanidin 2 polyphenol-rich - Increased lymphocyte proliferative
2003 glycosides and juices, 2 wk, 330 responsiveness, IL-2 levels and NK lytic
EGCG) mL/d activity
Khojah et al., 100 patients with Resveratrol 3 mon, 1 g/d - Reduced clinical markers and the disease
2018 rheumatoid activity score assessment
arthritis - Decreased levels of serum levels
biochemical markers (i.e., IL-6 and TNF-a)
Kim et al,, 10 patients with Polyphenols Mango (Mangifera - Increased the abundance of Lactobacillus
2020 inflammatory bowel (gallotannins and indica L.) pulp, 8 Wk, spp., Lactobacillus plantarum,
disease gallic acid) 200~400 g/d Lactobacillus reuteri, and Lactobacillus
/actis in the intestinal microbiome
- Improved symptoms of inflammatory
bowel disease
- Decreased plasma levels of IL-8
Zhang et al.,, 40 male football Phytocompounds Extract isolated from - Reduction of the CD4+/CD8+ ratio
2008 players from the fruiting body of G,
Ganoderma lucidum lucidum, 6 wk,
2.5~5.0 g/d
Dai et al.,, 52 healthy Phytocompounds 4 wk, 5~10 g¢/d - Increased proliferation of y6 T cells and NK
2015 participants (21~41  from cells
yr) Lentinula edodes - Increased levels of sIgA, IL-4, IL-10,
(Shiitake) TNF-a, and IL-1a
- Reduced ratio MIP-1a/CCL3
Ahn et al., 100 gynecological Phytocompounds 6 wk, three packs/d - Increased NK cell activity
2004 cancer patients from Every 3 wk

BobovEak et al.,
2010

Bergendiova et
al., 2011

Jesenak et al.,,
2013

David and
Cunningham,
2019"

Shah et al,
2007"

Charan et al.,
2016"

Ried, 2016"

Ishikawa et al.,
2006

Xu et al., 2018

Scaglione et al.,,
1990

Scaglione et al.,
1996

Hou et al., 1981

(26~79 yr)
20 elite athletes

50 athletes

175 children (3~7 yr)

Healthy participants

Healthy or with cold
participants

377 patients with
Dengue fever

970 participants

Advanced colon,
liver, or pancreatic
cancer patients
(>65 yr)

51 adults with obesity
(25~65 yr)

20 healthy adults

227 participants

14 healthy
participants

Agaricus blazei Murill
Kyowa

B-Glucan (from
Pleurotus ostreatus)

B-Glucan (from P~.
ostreatus)

B-Glucan (from P,
ostreatus)
Phytocompounds
from
Echinacea purpurea
Phytocompounds
from E. purpurea
Phytocompounds
from papaya (Carica
papaya)
Phytocompounds
from garlic (Alium
sativum L.)
Phytocompounds
from garlic (A.
sativum L.)

Phytocompounds
from garlic (A.
sativum L.)

Phytocompounds
from Panax ginseng

Phytocompounds
from P. ginseng

Phytocompounds
from Astragalus
membranaceus

2 mon, 50 mg/d

3 mon, 200 mg/d

6 mon, 10 mg/kg/d

Aged garlic extract, 24 -

wk, 500 mg/d

Aged garlic extract, 6
wk, 3, 6 g/d

8 wk, 200 mg/d

Standardized ginseng
extract, 12 wk, 100
mg/d

2 mon, 8 g/d

- No reduction of NK cell activity after

intensive exercise

+ Reduced incidence of upper respiratory

tract infection symptoms

- Increased number of circulating NK cells
- Decreased frequency of respiratory

infections, influenza and flu-like illnesses

- Reduced risk of recurrent respiratory

infections and related complications

- Decreased incidence and duration of the

common cold

- Decrease in hospitalization days and

increased platelet count

- Increased macrophage activity, NK cells,

and production of T- and B-cells

Increased NK cells number and activity

- Prevention of the increase of serum

TNF-a and IL-6 concentrations

- Reduced blood LDL concentration
- Increased phagocytic activity and

chemotaxis of PBMCs

- Reduced prevalence of colds and the flu

- Increased interferon-producing capacity of

blood cells
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Table 2. Continued 2

Intervention
details/status
(duration and dose)

Reference Study population Nutraceutical Key findings

Kormosh et al., 28 ovarian cancer Phytocompounds Dried - Boosted suppressed immunity
2006 patients in from Schisandra ethanol/aqueous - Increased numbers of the T cell
chemotherapy chinensis, Leuzea extracts, 4 wk, 270 subclasses and mean amounts of IgG and
carthamoides, mg/d IgM
Rhodlola rosea,
Eleutherococcus
senticosus
Lebedev et al, 346 school children Phytocompounds S. chinensis seed - Reduced rate, duration and clinical

1970 from
S. chinensis

tincture manifestations of influenza

Xu et al, 2013 15 male participants Phytocompounds 45 d, 0.5~1.0 g/d - Decreased IFN-y level
(HDBR experiment) from - Slowed upregulation of IL-1 family
R. rosea cytokines
Mikolai et al., 5 participants Phytocompounds Root extract, 96 h, 12 - Activation of NK cells
2009 from mL/d - Increased CD4+ T cells
Withania somnifera
Gill et al., 2001 27 healthy elderly Probiotic 3 wk, 5x10"° CFU/d or - Increased helper and activated T cells and
participants (63~84  (Bifidobacterium 5x10° CFU/d NK cells
yr) lactis HNO19) - Elevated phagocytic capacity of
mononuclear and PMN phagocytes and the
tumoricidal activity of NK cells
Namba et al., 27 elderly Probiotic 5 wk, 1x10" CFU/d - Lower number of participants who
2010 participants (Bifidobacterium contracted influenza

longum BB536) - Increased NK cell activity and neutrophils

bactericidal activity

"Meta-analysis.

25(0H)D, 25(0H) vitamin D: IL, interleukin; NK, natural killer; TNF-a, tumor necrosis factor-o; HIV, human immunodeficiency virus;
CD, cluster of differentiation; ECGC, epigallocatechin gallate; slgA, secretory immunoglobulin A’ MIP-1a/CCL3, macrophage in-
flammatory protein-1a/chemokine C-C ligand 3: LDL, low-density lipoprotein; PBMC, peripheral blood mononuclear cell; IgG, im-
munoglobulin G: IgM, immunoglobulin M; HDBR, head-down bed rest: IFN-y, interferon-y; CFU, colony-forming unit: PMN, poly-
morphonuclear leukocyte.

modifying the T cell balance. Int Inmunopharmacol. 2013. 17:
79-87.

Ahn WS, Kim DJ, Chae GT, Lee JM, Bae SM, Sin ]I, et al. Natural
killer cell activity and quality of life were improved by consump-
tion of a mushroom extract, Agaricus blazei Murill Kyowa, in
gynecological cancer patients undergoing chemotherapy. Int J
Gynecol Cancer. 2004. 14:589-594.

Aibana O, Franke MF, Huang CC, Galea JT, Calderon R, Zhang Z,
et al. Impact of vitamin A and carotenoids on the risk of tuber-
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