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Abstract

Introduction—A detailed study of reports on the immunomodulatory properties of vitamin A 

and select flavonoids may pave the way for using these natural compounds or compounds with 

similar structures in novel drug and vaccine designs against infectious and autoimmune diseases 

and cancers.

Areas Covered—Intracellular transduction pathways, cellular differentiation and functional 

immunomodulatory responses have been reviewed. The reported studies encompass in vitro, in 
vivo preclinical and clinical studies that address the role of Vitamin A and select flavonoids in 

induction of innate and adaptive B and T cell responses, including TH1, TH2 and Treg.

Expert Opinion—While the immunomodulatory role of vitamin A, and related compounds, is 

well-established in many preclinical studies, its role in humans has begun to gain wider 

acceptance. In contrast, the role of flavonoids is mostly controversial in clinical trials, due to the 

diversity of the various classes of these compounds, and possibly due to the purity and the selected 

doses of the compounds. However, current preclinical and clinical studies warrant further detailed 

studies of these promising immuno-modulatory compounds.
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1. Introduction

Vitamins and flavonoids are two separate classes of naturally occurring small chemical 

compounds. One of the most widely studied vitamins is vitamin A. Vitamin A and related 

forms are found as pro-vitamin A, pre-formed vitamin A, carotenes, all trans retinoic acid 

(ATRA) and retinoic acid (RA). While emphasis of the use of vitamin A in the general 

population currently is for healthy vision, the immunomodulatory roles of vitamin A have 

been suggested for many decades. Recently, ATRA and RA have been shown to directly 
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induce changes in innate and adaptive immune responses and their uses have been suggested 

as vaccine adjuvants.

Flavonoids encompass a large number of structurally related small chemical molecules, 

naturally occurring in vegetables, herbs and fruits. These compounds include catechins in 

black and green tea, and curcumin as a component of the food spice turmeric. While 

originally they gained interest for their antioxidant properties, accumulating evidence 

suggests that these compounds can exert immunomodulating effects on various cells of the 

immune system. Importantly, certain flavonoids possess direct anti-bacterial and antiviral 

properties, independent of their immunomodulating activity.

Recently, the surprising synergistic immune-enhancing properties of mixing a flavonoid (e.g. 

catechins) and a vitamin (e.g. vitamin A or E) in a pharmaceutically accepted carrier (e.g. a 

vegetable oil) were reported [1,2]. Although the mechanism of the synergistic immune-

enhancing action of these two naturally occurring class of small molecules remains to be 

determined, the immunomodulating properties of each class of these molecules will be 

separately discussed in this review.

Thus, in this review, we examine reports on the intra-cellular signal transduction pathways 

and cellular differentiation and functional immune responses induced by vitamin A and 

various flavonoids in vitro, as well as in preclinical and in clinical studies. The cited studies 

cover the period 1946–2015 as found in the Medline/Pubmed search engine.

2.1 Vitamin A Definition and Classifications

Preformed Vitamin A is a fat soluble essential vitamin found mainly in animal products such 

as meat, fish, poultry and dairy foods, whereas pro-vitamin A (carotenoids) is found in fruits 

and vegetables [3,4]. Carotenoids are organic pigment compounds found primarily in the 

chloroplast of plants, giving them their unique color. Structurally, carotenoids can be found 

in two major forms of polyene hydrocarbon chains terminated by rings with oxygen, i.e. 

xanthophylls, or without oxygen, i.e. carotenes. Carotenes refer to the oxygen free 

carotenoids such as α- and β-carotenes and lycopene, of which β-carotene, a precursor of 

vitamin A, is the most commonly consumed carotenoid [3,4]. Although vitamin A is a 

necessary dietary supplement for human health, it does not have any biological effects in the 

human body on its own. It functions in the body through mediators identified as all trans 
retinoic acid (ATRA), which control many vital biological functions such as vision, 

reproduction, development, growth and immunity [3,4]. ATRA is an active metabolite of 

vitamin A, which is also synthesized by dendritic cells expressing retinalaldehyde 

dehydrogenases (RALDH). Retinoic acid (RA) is one of the important metabolites of 

vitamin A that regulates the expression of target genes through receptor mediated activities 

[5,6]. Stromal cells from intestinal mesenteric lymph nodes (MLN) produce RA, which 

induced the expression of the gut mucosal homing receptors, α4β7 and CCR9, on local T 

cells and this effect was further enhanced by the presence of bone marrow derived DC, in 
vitro [7].
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There are two modes through which vitamin A can be absorbed into the body, namely in the 

form of retinyl palmitate (Figure 1) from animal products or as a natural byproduct of 

carotenoids (Figure 1) referred to as retinoids. Carotenoids undergo irreversible oxidative 

cleavage to produce retinal as the final product [8]. In the small intestine, carotenes 

containing retinyl groups are broken down into retinal in the presence of bile salts and an 

enzyme called β-carotene dioxygenase. Retinal is also a precursor for other forms of vitamin 

A [8]. These two metabolites of vitamin A, retinol and retinal, are inter-convertible (Figure 

2) in the body as needed and are catalyzed by retinol dehydrogenases (RDHs) or alcohol 

dehydrogenases. In the presence of the enzymes retinaldehyde dehydrogenase (RALDHs) or 

retinol oxidase, retinals are catalyzed into retinoic acid (RA) via transfer of one or more 

hydride ions to electron acceptor molecules [8].

Regardless of its dietary origin, preformed vitamin A and carotenoids are mainly released 

from proteins during proteolysis in the stomach [9,10]. These fragments in turn combine 

with lipids to form globules, which are then transported to the small intestine. Absorption of 

vitamin A occurs in the upper intestinal mucosa with the help of pancreatic lipase enzymes 

where it is enzymatically re-esterified (retinyl esters). Once absorbed into the circulatory 

system, retinyl esters are hydrolyzed into retinols, which bind to the retinol binding protein 

(RBP) for transportation [9,10]. The formation of this retinol-RBP complex is the principal 

form of intracellular transport of retinols. Once this complex is taken up by liver, retinol is 

converted back to retinyl ester by lecithin retinol acyltransferase (LRAT) for storage or it 

binds to cellular retinol-binding protein (CRBP) to carry out activation of target genes 

[9,10]. In the presence of retinol dehydrogenase enzyme retinol is metabolized to retinal, 

which is further metabolized to RA in the presence of RALDH. Furthermore, RA binds to 

cellular RA binding protein which allows the RA molecule to enter the nucleus where it can 

serve as a ligand and bind to RA receptors (RARs) or retinoid X receptors (RXRs) causing 

them to heterodimerize and mediate genomic and non-genomic events [11,12].

Although liver is a primary storage site of retinoids, the mechanisms by which RA exerts its 

effects in the liver are poorly understood. Under normal physiological conditions, stellate 

cells, also referred to as fat storing cells, are responsible for storing 80 – 90 % of vitamin A 

and hepatocytes store 10 – 20 % [11,12]. It has been shown that liver bile-derived retinol 

supported small intestinal, but not colonic, lamina propria CD103+ DC to be imprinted with 

the ability to metabolize retinol, in a RA-dependent fashion, and this in turn was important 

in causing the expression of gut mucosal homing receptors, α4β7 and CCR9, on local T cells 

[13]. A more recent study by Mamoon et al. reported several novel RA responsive genes in 

murine hepatocytes [14]. The study also showed how small heterodimer partners (SHP) are 

involved in RA induced signaling in a non-transformed hepatic cell line AML12 [14]. To 

further provide evidence of their findings, an animal study in 2014 by the same group 

reported that RA inhibits several crucial genes important for bile acid metabolism via up-

regulation of SHP [15].

2.2 Induction of Intra-cellular Signal Transduction Pathways by Vitamin A

RA has been reported to play an important role in maintaining cell cycle, proliferation, 

differentiation and apoptosis of activated T cells [16,17]. Although the importance of ATRA 
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signaling in T cells is poorly understood, several studies have attempted to identify the 

enzymes that play a major role in maintaining proper T cell function. In this regard, a recent 

study identified that in the presence of RA, expression of cytochrome P450 family 26, 

subfamily b, polypeptide 1 (Cyp26b1) was greatly induced in naïve CD4+ T cells, while 

transforming growth factor (TGF-β) inhibited the ATRA-induced RA expression of Cyp26b1 

[18]. In accordance with these findings, a recent in vivo study using Cyp26b1 knockout 

(KO) mice reported significantly less intestinal inflammation during T cell dependent colitis 

when CD4+ T cells from these mice were transferred to Rag1 KO mice [19]. This in turn 

underlined a mechanism by which Cyp26b1 enzyme plays an important role in regulating 

RA-dependent T cell immune responses in the intestine.

Along with playing a major role in cell cycle and apoptosis, ATRA has been reported to 

influence different cytokine specific transcription factors such as signal transducers and 

activators of transcription (STAT), interferon regulatory factors (IRF) and GATA-3, which 

are responsible for facilitating differentiation and anti-proliferative effects in cells [20–22]. 

In this regard, an earlier study on the regulation of IRF and STAT gene expression by ATRA 

reported that ATRA activates IRF-1 in several different leukemia cell lines, which responded 

to ATRA by growth inhibition [21]. The study also reported up-regulated gene expression of 

STAT1, STAT2 and p48 during ATRA induced myeloid differentiation, leading to the 

suggestion that ATRA-induced expression of these transcription factors may be one of the 

molecular mechanisms that facilitate cellular growth inhibition by ATRA [21].

GATA-3 is one of the transcription factors that regulate epithelial cell differentiation in 

mammary glands [22]. Under GATA-3 deficient conditions, ATRA could inhibit a TH1 

response while simultaneously promoting a TH2 response in vitro [23]. The results of this 

study suggested vitamin A may be used as a potential effective treatment for certain diseases 

caused by TH1/TH2 imbalances [23]. In accordance with these data, results of another study 

showed increased expression of IL-4, IL-5 and IL-13 in the presence of ATRA or 9-cis-RA, 

but not IFN-γ, TNF-α, IL-2 and IL-12p70, all of which are TH1 cytokines [20]. In vitro 
expression of the TH2 cytokine, IL-4, and the TH2 transcription factors, GATA-3, c-MAF 

and STAT6 were enhanced and the TH1 transcription factor, T-bet, was decreased following 

ATRA treatment of human T cells over various time intervals. Data from this study provided 

strong evidence that ATRA plays multiple roles in development of TH2 responses [20].

RA analogues have been reported to play important roles in various cancers. A second 

generation retinoid, acitretin, was reported to induce apoptosis in squamous cell carcinoma 

(SCL-1) cells via the CD95/CD95L apoptotic signaling pathway [24]. ATRA treatment of 

SCL-1 cells resulted in increased cell population at G1 phase along with decrease in cell 

populations in the S and G2 phases [25]. Protein complexes cyclin D1/CDK4 (cyclin 

dependent kinase) and cyclin E/CDK2 are required to facilitate transition of cells from G1 to 

S phase during differentiation. After 24 hours of treatment with ATRA, expression of cyclin 

D1, CDK2 and CDK4 was greatly down-regulated resulting in a mechanism through which 

ATRA induced apoptosis in SCL-1 cells [25]. The study also provided further evidence that 

ATRA inhibits the activation of the extracellular signal-regulated kinases 1/2 (ERK1/2) and 

c-Jun N-terminal kinases 1/2 (JNK1/2) pathways via inhibition of the transcription activity 

of AP-1 in SCL-1 cells [25]. This in turn provided further evidence that ATRA induces cell 
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cycle arrest in human SCL-1 cells by inhibiting the mitogen activated protein kinase 

(MAPK)-AP1 pathway [25]. A recent in vitro study showed that in addition to activating the 

retinoic acid receptor (RAR), RA also mediates activation of another nuclear receptor 

PPARβ/δ, which plays an important role in regulation of metabolism, cellular differentiation 

and development. While CRABP-II delivered RA to RAR, FABP5 transported RA to 

PPARβ/δ. The study also showed that mammary carcinoma MCF-7 cells display a high 

CRABP-II/FABP5 ratio and reversing the effects resulted in conversion of RA from pro-

apoptotic to anti-apoptotic agent suggesting its growth inhibitory activities and a survival 

response [26]. Another ATRA signaling pathway was revealed by demonstrating that the 

cellular retinoic acid binding protein 2 (CRABP2) suppressed tumor growth in carcinomas 

by binding to RAR in the presence of RA and increased expression of the pro-apoptotic 

genes, i.e. Apoptotic protease activating factor 1 (Apaf-1), Caspase-7, apoptosis-related 

cysteine peptidase (Casp7) and the human antigen receptor (HuR) [27].

AKT/PKB is another pathway that has been reported to play an important role in 

maintaining many cellular functions. A recent study using the human acute promyelocytic 

leukemia cell line, NB4, identified two substrates, the Serine/arginine-rich splicing factor 3 

(SRSF3) and the prohibitin 2 (PHB2), which are associated with AKT/PBK pathway and 

their phosphorylation increased during in vitro activation with ATRA [28]. This, in turn, led 

to activation of AKT/PBK resulting in promotion of cell survival and differentiation vs. 

apoptosis [28].

One of the more recent studies reported down-regulatory effects of ATRA on Down 

Regulated Adenoma (DRA) expression, an important luminal membrane transporter 

responsible for NaCl absorption [29]. DRA has been shown to be suppression in intestinal 

inflammation. In vitro cultures of Caco-2 cells with 10 μM of ATRA resulted in ~ 3.5 fold 

increase of DRA expression at 24 hour time point [29]. These inhibitory effects of ATRA on 

DRA expression was reported to be mediated via RAR-β receptor subtype. The study also 

reported significantly enhanced levels of HNF-1β with ATRA treatment, which resulted in 

inhibition of DRA expression by ATRA providing further evidence that ATRA has down-

regulatory effects on specific genes responsible for inflammation [29].

2.3 Induction of Cellular Immunomodulation by Vitamin A

Vitamin A is an essential trace nutrient for the human immune system, which functions in 

regulation of RA. In addition to vitamin A’s association with immunity, it is also important 

for pre and post development and reproduction processes [30]. In an important recent study, 

retinoic acid exposure in utero was reported to be important for development of full sized 

lymph nodes and subsequent ability to mount effective immune responses in the offspring 

[31]. The mechanism of action of retinoic acid occurred through the transcription factor 

RORγt, whose expression was important for proper development of differentiation of 

lymphoid tissue inducer cells. Retinoic acid regulated RORyt expression, and lack of 

retinoic acid signaling within the cells could be rescued by overexpression of RORyt [31]. 

Due to constant breakdown of dietary vitamin A by gut epithelial cells, high concentrations 

of RA are present in the small intestine as opposed to the low concentration found 

throughout the body [32]. Studies using various animal models revealed the importance of 

Patel and Vajdy Page 5

Expert Opin Biol Ther. Author manuscript; available in PMC 2016 July 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



RA in intestinal mucosal immunity. Results of several in vivo and in vitro studies have 

demonstrated the modulating effects of RA on innate immunity and differentiation of 

dendritic cells [33–35]. Importantly, RA primed intestinal lamina propria DCs to express 

RALDH2 and become CD103+ DCs, which resulted in production of more RA [36,37]. In 

addition, a number of studies have reported the induction of mucosal DCs in the presence of 

ATRA. A recent study by Saurer et al. demonstrated the mechanism by which RA plays an 

important role in mucosal immunomodulation through targeting DCs, and that DCs can act 

as efficient carriers of RA in vitro [35]. In accordance with these results, another study 

reported the mechanisms by which mucosal factors TGF-β and RA induce functionally and 

phenotypically distinct DC types with non-inflammatory properties [38]. Zhu et al. 
suggested a mechanism by which pro-inflammatory properties of inflammatory monocytes 

(IMCs) and inflammatory dendritic cells (IDCs) are reduced converting them into 

immunoregulatory DCs [34]. The results showed that during co-treatment of GM-CSF-

differentiated IDCs with IL-4 and RA, expression of ALDH was induced, and expression of 

CD103 was up-regulated, which in turn reduced the production of pro-inflammatory 

cytokines [34]. The data also showed this co-treatment of IL-4 and RA strongly induced 

CD4+ Foxp3 Treg cell differentiation and suppressed TH1/TH17 differentiationsuggesting a 

synergistic effect of IL-4 and RA on IDCs, and providing evidence that the use of RA may 

be a possible treatment option for autoimmune disorders [34].

Using the murine embryonic stem cell-derived embryoid bodies (EBs), a recent in vitro 
study provided evidence that RA up-regulates the lymphatic markers LYVE-1 and Prox1, as 

regulators of lymphatic development. The study showed incubation of EBs with VEGF-C, 

growth hormone, IGF-1 and IL-7 significantly promoted the expression of LYVE-1 in 

CD31+ structures. The study also showed development of CD31+/LYVE-1+/Prox1+ cell 

clusters in the presence of RA and cAMP [39]. In a report of both in vitro and in vivo 
studies, it was shown that 9-cis RA plays an important role in the molecular mechanisms 

underlying the pro-lymphangiogenic effects. Hence, in vitro, addition of RA to lymphatic 

endothelial cells supported their proliferation and tube formation, through the action of 

fibroblast growth factor, and further RA influenced expression of cell-cycle regulators 

through both nongenomic and genomic mechanisms. In support of the in vitro findings, 9-cis 

RA promoted lymphangiogenesis in trachea and ameliorated tail lymphedema by increased 

lymphatic vessel generation [40]. A recent study investigated the involvement of neural crest 

cells and RA in specific steps in lymphatic endothelial cell (LEC) differentiation and nuchal 

edema, a condition describing a swollen fetal cervical region. This study showed enlarged 

jugular lymph sacs and nuchal edema in the absence of RA synthesis and in utero inhibition 

of RA signaling resulting in nuchal edema. These data suggested that neural crest cells are 

important for lymphatic development and RA is required to mediate the differentiation of 

LECs, emphasizing the importance of RA signaling in mouse embryos in normal lymphatic 

development and nuchal edema [41].

Several preclinical studies indicated that vitamin A or retinoids are potent modifiers of TH1 

(IFN-γ, IL-2 and TNF-β) and TH2 (IL-4, IL-13 and IL-5) responses [42,43]. An earlier study 

by Carmen and Hayes reported overproduction of IFN-γ by vitamin A deficient CD4+ T 

cells [42]. On the other hand, secretion of IL-2 and IL-4 were equivalent in both vitamin A 

deficient and vitamin A sufficient mice leading to a conclusion that vitamin A is important 
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for induction of IFN-γ production [42]. Other studies reported decreased IL-4 production 

during vitamin A deficiency [43], and induction of IL-4 synthesis during in vitro murine T 

cell activation by retinoids [44–46]. Contrary to these results, a study by Mehta et al. 
reported down regulatory effects of ATRA on TNF-α production by peritoneal macrophages 

activated by endotoxin and IFN-γ [47]. The study also reported suppression of nitric oxide 

(NO) by ATRA, which has been previously reported to be a mediator of inflammatory 

responses [47]. While the above studies indicated that vitamin A or RA are TH2 mediators, 

other studies have suggested a role of vitamin A and RA in the Treg induction. In this 

regard, an in vitro study showed that in the presence of ATRA, DC induced CD4+ cells to 

secrete IL-10 (a regulatory cytokine), while reducing the production of IL-4 and IL-13 (TH2 

cytokines) [48]. Because it may be argued that in general IFN-γ is a good indicator of a TH1 

type response, the above data suggest that RA and vitamin A may suppress TH1 (IFN-γ) in 

favor of TH2 (IL-4) responses [48].

Many synthetic retinoids have been reported to play an important role in T cell responses 

[24,49]. It was reported that tretinoin and etretinate, first and second generation retinoids 

respectively, have direct inhibitory effects on alloresponsive T cells, which could be the 

result of induction of immunosuppressive effects by regulatory T cells (Treg) [49].

Natural regulatory T cells (nTregs) are important for prevention of autoimmune diseases. Lu 

et al. showed that ATRA prevented human nTregs from converting to TH1 and TH17 cells 

upon stimulation with IL-1 and IL-6 cytokines, and thus allowing them to sustain their 

suppressive properties during inflammatory conditions [50]. This study also reported 

following inflammatory stimulations, ATRA suppressed IL-1 receptor up-regulation and 

accelerated IL-6 receptor down-regulation and affected epigenetic modifications in the 

Foxp3 locus in nTregs. The authors suggested nTregs primed with ATRA may function as a 

novel treatment for chronic immune mediated diseases [50]. These data suggest that RA may 

promote CD4+Foxp3+ Treg function in the form of IL-10 secretion and suppression of 

proinflammatory innate IL-6 and IL-1 as well as TH1 and TH17 responses.

Several studies have addressed the regulatory role of ATRA in the intestinal mucosal 

immune system. The association of Foxp3+ Treg cell development with synergistic effects 

of RA derived from CD103+ DCs and TGF-β have been reported in many studies [51–54]. 

The mechanism described in these studies emphasized T cell tolerance to antigens derived 

from commensal flora or dietary origin [51–54]. Some of the earlier studies have also 

reported IL-10 as another essential immune regulator for mucosal tolerance [55,56]. In IL-10 

deficient mice raised under germ-free conditions, T cell activation and colitis were induced 

leading to a conclusion that IL-10 is important in maintenance of tolerance to commensal 

bacterial antigens [55,56]. However, it has been shown that RA induces the IL-10 producing 

Treg cells, thus suggesting a mechanism by which RA and IL-10 maintain tolerance to 

intestinal commensal flora [57]. Further evidence for this notion was provided by showing 

that IL-22, a member of the IL-10 family, is important in maintaining epithelial integrity and 

is also induced by RA. The study reported the expression of IL-22 and IL-22 binding protein 

(IL-22BP) in a subset of conventional DCs in lymphoid and non-lymphoid tissues in both 

rats and mice, and expression of IL-22BP in murine intestinal lamina propria DCs [58]. To 

provide further understanding of the RA role, in vitro cultures of monocyte-derived dendritic 
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cells (MDDCs) from peripheral blood of healthy donors were primed with various molecules 

present in the gut which showed no effect on the expression of IL-22BP. However, IL-22BP 

expression was up-regulated by addition of retinal during differentiation of DCs, suggesting 

a mechanism by which retinal is metabolized by human MDDCs allowing production of RA, 

which in turn results in IL-22BP expression [58]. In addition, a recent study reported down-

regulation of RAR-α, increased number of DC cells, increased IL-12 secretion and 

decreased IL-10 and IFN-γ secretion in the intestinal mucosa of vitamin A deficient rats 

[33]. In vitro ATRA effects were reported as well, such as maturation of DCs, up-regulation 

of RAR-α, reduced IL-12 and IFN-γ but not IL-10. However, these effects were reversed in 

the presence of Ro 41–5253 (specific antagonist of RAR-α) [33]. This study also provided a 

link between the effects of vitamin A on DCs and altered mucosal immunity and proposed 

vitamin A can be used as an anti-inflammatory treatment in mucosal tissues and to restore 

impaired antibody responses under vitamin A deficient conditions [33].

An association of vitamin A deficiency and decreased mucosal immunity in the intestine has 

been shown in rats in that [59]. correcting vitamin A deficiency early in the development 

process lead to improved intestinal mucosal immune responses [59] A significant increase in 

intestinal levels of secretory immunoglobulin A was observed following vitamin A 

supplementation postnatal on day 1 [59]. These rats also had higher numbers of CD8+ 

intestinal intraepithelial lymphocytes and CD4+CD25+ T cells in the spleen compared with 

the vitamin A-deficient rats [59]. Taken together, the above studies demonstrate that vitamin 

A and ATRA play important roles in development of mucosal immunity and tolerance in the 

intestine.

Germ-free mice and pigs have provided important tools to determine the role of vitamin A 

and retinoic acid in the development of innate and adaptive immune responses. In one study, 

while intestinal lamina propria DC and stromal cells (SC) readily produced RA in 

conventionally reared mice and the SC promote the production of RA in the DC in an RA- 

and GM-CSF-dependent fashion, these two co-localized cells were unable to constitutively 

produce RA in germ-free mice [60]. Furthermore, in another study, the interactions of 

intestinal stromal cells with DC played an important role in the maintenance intestinal 

Foxp3+ Treg, while stromal cells from germ-free or vitamin A deficient sources did not 

support the activity of Foxp3+ Treg [61]. More support of the role of RA in intestinal Treg 

regulation was provided by a study in which CD4+ cells transferred from germ-free and 

conventionally reared wild-type and IL10−/− mice to IL-10−/−, or Rag2−/− or IL-10 

repleted Rag2−/− mice. In this model, more severe colitis was observed in both IL10−/− and 

Rag2−/− compared to the IL-10 repleted Rag2−/− mice in an RA-dependent manner [62]. 

These murine studies delineated the role of the microenvironment of the intestine and RA in 

the regulation of local inflammation.

The role of the gut microbiota and vitamin A in the control of innate and adaptive immune 

responses have been elegantly shown by using gnotobiotic (Gn) piglets. To recreate a similar 

environment as malnourished children in developing countries, Vlasova et al. vaccinated 

vitamin A deficient (VAD) and vitamin A sufficient (VAS) Gn piglets, with attenuated 

human Rotavirus (HRV) followed by challenge with virulent HRV. Although compared to 

VAS pigs, the number of conventional and plasmacytoid DCs were higher in VAD piglet 
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before challenge, a significant decrease was observed after challenge. Furthermore, 

significantly higher frequency of CD103 expressing DCs were observed in VAS piglets 

compared to VAD piglets after challenge. In keeping with the murine data on the role of RA 

in reducing inflammation, significantly higher circulating IFN-α was found in VAD piglets 2 

days after challenge, a finding that was consistent with higher virulent HRV replication titers 

and prominent intestinal inflammation [63]. Using a similar VAD/VAS Gn piglet model, the 

protective efficacy of pentavalent rotavirus vaccine, RotaTeq(®) against HRV challenge was 

measured [64]. In this model, significantly lower levels of hepatic vitamin A were detected 

in in VAD compared to that of VAS piglets. Vaccinated VAD piglets showed a 350 fold 

higher fecal virus shedding titers compared to VAS piglets post challenge. A 100% 

protection rate was observed in vaccinated non-supplemented VAS piglets compared to 25% 

protection in VAD piglets. Along with elevated levels of IL-8 and lower IL-10 responses, the 

data also showed 11 fold lower intestinal HRV-specific IgA antibody tiers in vaccinated 

VAD compared to VAS piglets post challenge. Overall, the study provided further evidence 

that VAD impaired immune responses to RotaTeq(®) vaccination and additional oral 

vitamin A supplementation did not increase the protective efficacy of the vaccine in VAD 

piglets, which in turn underlined the important role vitamin A plays in development of 

immune system [64].

Overall, these preclinical studies using various genetically modified, wild-type germ-free 

and conventionally reared animal models clearly establish a strong role for vitamin A and its 

metabolites and derivatives as modulators of innate and adaptive mucosal and systemic 

responses by cells intimately involved in the generation of innate and adaptive immune 

responses. Thus, while a significant body of evidence suggests a role of vitamin A and its 

derivatives in the development of intestinal mucosal Treg, other data strongly argue for 

dependence of protective immunity following vaccination against infectious agents on 

vitamin A and its derivatives.

2.4 Clinical Evidence of Induction of Immunomodulation by Vitamin A

Over the past decade, association of vitamin A and mucosal immunity has been a topic of 

interest and several in vitro and in vivo animal studies have set the foundation for small scale 

clinical trials. A recent clinical trial in Zambian men showed that administration of ATRA 

before and after oral typhoid vaccination increased intestinal mucosal immunity [65]. The 

study measured the effect of 10 mg ATRA given 1 hour before and for 7 days following oral 

typhoid vaccination. Significantly increased levels of IgA responses against 

lipopolysaccharides and proteins were observed in whole gut lavage fluid [65]. However, no 

difference was seen in serum IgA or IgG levels suggesting that ATRA plays a major role in 

developing mucosal immunity without exerting any effects on systemic IgA and IgG levels. 

Absorption of ATRA was well tolerated in men with no adverse events, suggesting the use 

of ATRA as a potential oral therapy before and after oral vaccinations [65].

In addition to maintaining tolerance to intestinal mucosa, vitamin A supplementation 

modified associations between gut cytokine immune responses and resolution of diarrheal 

infections [66,67]. A recent randomized placebo control study in Brazilian children showed 

vitamin A supplementation resulted in significantly reduced Giardia spp parasitic infections 
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[66]. Another recent randomized trial also showed vitamin A supplementation with zinc 

improved G. lamblia infection in Mexican children, whereas supplementation of zinc alone 

increased A. lumbricoides incidences but decreased E. histolytica-associated diarrhea [67]. 

Similarly, another clinical trial reported the effect vitamin A supplementation had on the 

production of monocyte chemoattractant protein 1 (MCP-1), which is an essential 

chemokine involved in pathogen-specific mucosal immune response [68]. Compared to the 

placebo group, the study reported lower fecal concentration of MCP-1 in vitamin A 

supplemented group in Mexican children infected with enteropathogenic E. coli (EPEC). 

Thus, reduction of MCP-1 concentration in gastrointestinal tract resulted in an anti-

inflammatory effect of vitamin A [68]. In agreement with these findings, a clinical study in 

Mexican children between the ages of 5 to 15 months reported vitamin A supplementation 

lead to significantly higher fecal concentration of IL-10 and less than detectable 

concentrations of IL-8 and MCP-1 resulting in longer duration of EPEC infection [69]. 

However, the scientists also reported the presence of lower fecal concentrations of TNF-α 

and IL-6 resulted in shorter duration of enterotoxigenic E. coli (ETEC) infection, whereas 

higher fecal concentration of MCP-1 was associated with longer duration of infection. The 

data showed down-regulation of the pro-inflammatory response and up-regulation of the 

Treg regulatory response in the vitamin A supplemented group [69]. They also reported in 

the supplemented group at least median detectable levels of IL-4, IL-5 and IFN-γ 

concentrations resulted in shorter duration of G. lamblia infections, which could be the result 

of TH1 and TH2 cytokine responses [69].

Other randomized clinical trials on vitamin A suggested that correcting vitamin A deficiency 

in an at risk population could lead to better outcomes in terms of reduced mortality and 

morbidity from measles, malaria, and certain forms of diarrhea in developing countries [70–

75]. A clinical trial conducted in a population from Haryana, India, where vitamin A 

deficiency is a moderate public health problem, showed that vitamin A supplementation in 

children aged 6 months to 5 years reduced the mortality rate between the vitamin A 

supplementation group compared to the placebo group [76]. In conjunction with these 

findings, a similar recent clinical trial conducted in Gambia reported that vitamin A 

supplementation in infants between the ages of 6 to 59 months improved infant survival 

[77].

A randomized placebo-control trial investigated the effects of vitamin A and beta-carotene 

supplementation on vitamin A deficiency due to pregnancy in Napalese women [78]. The 

data provided in this study established a relationship between serum retinol levels, insulin-

like growth factor -1 (IGF-1) and haemoglobin (Hb) during pregnancy [78]. IGF-1 was also 

reported to increase Hb concentration and decrease risk of anemia and iron deficiency, 

which was the result of increased erythropoietic activity. Thus, in turn the analysis provided 

evidence suggesting a mechanism by which retinol improved circulating Hb in pregnant 

women by increasing IGF-1 [78]. Because IGF-I has been implicated in regulating immune 

function [79], taken together, these results provide clinical evidence that vitamin A and beta-

carotene directly impact the immune system.
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3.1 Flavonoids Definition and Classifications

Flavonoids are natural ketone containing chemical compounds found in plants as their 

secondary metabolites [80]. They are natural phytochemical antioxidants that have been 

proposed to possess anti-inflammatory, antiviral, anti-proliferative and anti-carcinogenic 

properties [80]. The basic structure of flavonoids includes a 15 carbon compound in the 

form of 2 benzene rings connected by a 3 carbon chain, which forms a pyran ring containing 

oxygen (Figure 3). The degree of polymerization based on the flavan nucleus, the number, 

positions and types of substitutions, which influences the free radical reaction, is important 

for the mechanism by which they may exert their immunomodulatory and anti-inflammatory 

activities [80]. The structural features of ring III (Figure 3A) and patterns of glycosylation 

and hydroxylation of the three rings together make them one of the largest and most 

diversified naturally occurring family of chemical compounds in plants.

Flavonoids are divided into subgroups based on the location of ring III and the degree of 

unsaturation and oxidation of ring II, which refers to the number of hydrogens and oxygens 

present respectively [80]. For example, flavonoids where III ring is attached to position 3 of 

the ring II are referred to as isoflavones, whereas flavonoids with III ring on position 2 of the 

II ring are further divided into subgroups which include, flavones, flavonols, flavanones, 

flavanonols, anthocyanins and catechins (Figure 4) [81,82]. Flavonols are considered to be 

one of the largest subgroups of flavonoids present in fruits and vegetables, whereas catechins 

are found mainly in edible plants. Flavonols exhibit a hydroxyl group in position 3 of the II 

ring, which allows them to have diverse glycosylation, methylation and hydroxylation 

patterns [80]. Catechins also share the same hydroxyl group in position 3 of the II ring as 

flavonols. There is no double bond between position 2 and 3 and position 4 has a keto group, 

a structural feature that allows the catechins to have two chiral centers in the molecule at 

position 2 and 3 resulting in cis- (epicatechin) and trans- (catechin) isomers of the 

compounds (Figure 3B). One of the key features of these compounds is that the structural 

changes allow them to form polymers called proanthocyanidins, in turn providing further 

stability to the molecule in order to carry out free radical reactions [80]. 

(−)Epigallocatechin-3-gallate (EGCG), a major active ingredient of green tea, is one of the 

most widely studied flavonoids. Another widely studied compound is quercetin in the 

flavonol subgroup, which is an integral component of the human diet and occurs mainly in 

onions, apples and red wine.

3.2 Induction of Intracellular Signal Transduction Pathways by Flavonoids

Intra-cellular signal transduction following activation of various cell types with flavonoids 

may shed light on their mechanism of immunomodulation. Several in vitro studies on 

activation of select signal transduction pathways have shed some light on what may occur in 
vivo. These cells have been as diverse as macrophage, smooth muscle, carcinoma and 

adenocarcinoma, pancreatic beta, ovarian cancer cell lines and Jurkat T cells. EGCG 

activation of the macrophage cell line Raw 264.7 upregulated cyclooxygenase-2 (COX-2) 

expression and prostaglandin E2 (PGE2) production [83]. Treatment of RAW 264.7 cells 

with 25–100 mM of EGCG for 12 hours caused a concentration dependent increase in the 

release of PGE2 and the expression of a 70 kDa COX-2 protein [83]. The underlying 
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mechanism was activation of ERK (Extracellular signal related Kinases), MAPK (Mitogen 

Activated Protein Kinase) signaling pathways, that in turn plays a major role in COX-2 gene 

expression [83]. In a recent study, EGCG upregulated the expression of Mitofusin 2 (Mfn-2), 

thereby suppressing the proliferation of vascular smooth muscle cells through modulation of 

the Ras-Raf (Rat sarcoma-Rapidly Accelerated Fibrosarcoma) ERK/MAPK pathway 

exhibiting its cardio-protective roles [84]. In human anaplastic thyroid carcinoma (ATC) 

cells, EGCG suppressed EGFR-ERK phosphorylation and inhibited apoptosis [85]. A 

combined therapeutic effect of EGCG, theaflavin-3-30-digallate (TF3) and Vitamin C was 

observed in human lung adenocarcinoma SPC-A-1 cells and esophageal carcinoma Eca-109 

cells [86]. In the presence of MAPK inhibitors, a combined treatment with EGCG and 

Vitamin C as well as TF3 and Vitamin C was found to enhance the apoptosis through 

modulation of the ERK, JNK and p38 pathways and activation of Caspase-3 and 9 [86].

Quercetin inhibited LPS-induced expression of TNF-α, IL-1β and IL-6 by suppressing the 

activation of ERK and p38 MAP kinases in macrophages [87]. Quercetin at a concentration 

of 1–100 mM inhibited the IL-1 induced IL-6 secretion, as well as p38 and protein kinase C-

theta (PKC-θ) phosphorylation in a dose dependent manner [88]. In human Caco-2 cells, 

procyanidin B2 helped the expression of glutathione S-transferase P1 (GSTP1) via the 

activation of ERK and p38 MAPK and thus protected against colonic oxidative stress [89]. 

The suppression of MEK/ERK phosphorylation by flavonoids was found to be an important 

mechanism for the regulation of ligand-activated transcription factor aryl hydrocarbon 

receptor (AhR) in mouse hepatoma Hepa-1c1c7 cells [90]. AhR mediates toxic cancerous 

effects by binding to polycyclic aromatic hydrocarbons [91]. Catechin, epicatechin (EC), 

and EGCG inhibited Angiotensin II, a peptide hormone that causes vasoconstriction in rat 

aortic vascular smooth muscle cells [91]. This protective action was mediated through 

suppression of Angiotensin II mediated phosphorylation of ERK 1/2, JNK1/2, and p38 MAP 

kinases [91]. Based on these findings, quercetin mediates its effects on macrophages in 

response to oxidative stress via the ERK and MAPK pathways.

Several different cell lines have been used to investigate how EGCG mediates NF-κB 

activity. EGCG protected cytokine induced pancreatic beta-cell damage, which is partially 

mediated by suppression of NF-κB activity [92]. An in vitro study using the RINm5F 

pancreatic beta cell line, showed pretreatment of these cells with EGCG resulted in 

inhibition of apoptosis, whereas treatment with IL-1β in the presence of IFN-γ resulted in 

apoptosis by almost 50% [92]. The study also showed induced NO production in the 

presence of EGCG, which was the result of decreased inducible form of NO synthase 

(iNOS) protein levels through inhibition of the NF-κB signaling pathway in the RINm5F 

pancreatic beta-cells [92]. NF-κB in cooperation with other transcription factors coordinated 

the expression of genes encoding both iNOS and TNF-α [93]. It also activated lymphocytes 

by up regulating the expression of many cytokines, mainly IL-1, IL-6, TNF-α, lymphotoxin 

and IFN-γ. EGCG has also been reported to inhibit the phenotypic and functional maturation 

of murine DCs by suppressing the LPS-induced activation of ERK, JNK and p38 MAPK 

[93]. The study also showed pretreatment of DCs with EGCG resulted in suppression of NF-

κB p65 signaling pathway [93]. Results of the study suggested this to be an important 

potential mechanism by which EGCG may exert protective effects against autoimmune 

diseases, including arthritis, allergy and diabetes.
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In Jurkat T-cells monomers of catechins, (−) catechin and (−) epicatechin and their dimers, 

procyanidin B2, exerted immunomodulatory effects through inhibition of PMA induced NF-

κB activation [94]. This inhibition was found to occur at the early stages of the NF-κB 

activation cascade as well as by direct binding of the monomeric and dimeric catechins to 

the NF-κB protein as suggested by molecular modeling. Through this pathway, a significant 

inhibition of PMA-induced IL-2 secretion was found, which may be a consequence of NF-

κB inhibition [94]. EGCG exerted a neuro-protective role in auto-immune encephalomyelitis 

by suppressing the proteolipid protein and exerted a neuro-protective role by inhibiting the 

formation of reactive oxygen species in the neurons [95]. Grape seed procyanidin reversed 

the multi-drug resistance to the anticancer drug paclitaxel in ovarian cancer cells by blocking 

the expression of the p-glycoprotein [96]. Procyanidin down regulated the NF-κB and 

MAPK-ERK pathway by suppressing the nuclear translocation of YB-1, an oncogenic 

translation factor commonly over-expressed in cancer cells [96]. These data suggested that 

the various forms of catechins play an important role in inhibition of NF-κB signaling 

pathway, and thus the downstream immunomodulation in the form of inhibition of secretion 

of select cytokines.

EGCG has been reported to protect cell damage from Helicobacter pylori infection by 

blocking the Toll-like receptor 4 (TLR-4) glycosylation, which in-turn resulted in 

inactivation of ERK and NF-κB [97]. One of the recent studies showed down-regulation of 

Toll-like receptor (TLR) signaling in DCs by EGCG. The study also showed expression of 

molecules essential for antigen presentation by DCs, i.e. CD80, CD86 and MHC Class I and 

II were inhibited by EGCG [98]. In addition to these findings, another study showed EGCG-

treated DCs inhibited lipopolysaccharide (LPS) induced pro-inflammatory cytokines (TNF-

α, IL-1β and IL-6) and activation of MAPK. EGCG elevated the expression of Tollip 

protein, a negative regulator of TLR signaling, by binding to 67LR (67 kDa Laminin 

receptor), which is a cell-surface EGCG receptor [99]. Dimeric procyanidin B2 down-

regulated TLR-4 signal transduction in macrophages by expressing IL-1 receptor associated 

kinase (IRAK-M) protein which is a negative regulator for TLR-signaling. It also reduced 

LPS-induced expression of CD80, CD86 and MHC II and pro-inflammatory cytokines TNF-

α, IL-1β, IL-6, and IL-12p70 via activation of MAPK [100]. A very recent study explored 

the importance of regioselective methylation in five different classes of flavonoids [101]. 

Many flavonoids are converted to their methylated forms in epithelial cells of the small 

intestine as well as in intestinal lumen. In the presence of the Toll-like receptor 2 (TLR-2) 

agonist Pam3CSK4, the methylated flavonoids, 3-methoxy flavonol casticin, quercetin-3-

methylether and quercetin-3,4-dimethylether showed an enhanced IL-1β production [101]. 

Findings from these studies underlined mechanisms by which EGCG down-regulated TLR 

signaling, thus resulting in reduced pro-inflammatory cytokines.

3.3 Antimicrobial Properties of Flavonoids

Flavonoids have also been shown to possess antiviral and anti-bacterial properties, either 

directly through membrane-bound mechanisms or through immune responses. Anti-viral 

activities of several flavonoids have been demonstrated against several viruses, including 

hepatitis B (HBV) and C (HCV), influenza and adenovirus, and several bacteria, including 

Bacillus subtilis and Listeria monocytogenes. The antiviral activity of Hyperoside, a 3-O-
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galactoside of quercetin, was shown against HBV through strong inhibition of HBeAg and 

HBeAg secretion in 2.2.15 cells [102]. The effect of the treatment with flavonols, quercetin 

and kaempferol was studied on HCV replication efficiency in an in vitro model [103]. 

Among the two flavonols used in the study, quercetin was the most effective inhibitor of 

HCV replication in HCV-G1 cells by inhibiting HCV induced ROS/ RNS (reactive oxygen 

and nitrogen species) formation [103]. A combination treatment of 5-FluroUracil with 

quercetin and luteolin was studied in two MSI human colon cancer cell lines CO115, wild 

type for p53 and HCT15 that has a p53 mutation [104]. Knockdown of p53 in the wild type 

cells by siRNA and p53 knockout cells completely abolished apoptosis induction, suggesting 

modulation of p53 by quercetin [104]. EGCG was also found to bind Retinoic acid inducible 

gene-1 (RIG-1) and inhibit its signaling at low molecular concentrations in HEK293T cells 

and thus may be a potential immune-modulator of RIG-I mediated immune response [105]. 

RIG-I is a receptor that recognizes cytoplasmic RNA’s and has a role in viral defense 

mechanisms against several viruses, including influenza and HCV. Though RIG-I plays an 

active role in antiviral responses, a higher response could result in pathological effects and 

autoimmune disorders [105].

Several studies have shown that EGCG has antiviral and antibacterial activity, many of 

which were recently reviewed [106]. A recent study by Kim et al. has reported the 

suppressive effects of EGCG on influenza infections, by blocking an early step in the 

influenza viral life cycle, although it did not have any effect on viral adsorption and viral 

RNA replication [107]. EGCG was shown to inhibit hemifusion events between viral 

particles and cellular membrane by reducing the viral membrane integrity suggesting that 

EGCG may have antiviral effects against enveloped viruses [107]. In accordance to this 

study, reports of another resent study showed EGCG to act directly on the virions, without 

having any effects on fluidity or integrity of the envelopes [108]. EGCG was shown to 

interact with virion surface proteins, resulting in inhibition of attachment of several different 

virions. These data all together underlined a specific mechanism by which EGCG can inhibit 

attachment of unrelated viruses [108]. The antiviral and inhibitory effects of various tea 

polyphenols on influenza A and B virus were further supported in another study, in which 

dimeric polyphenols, theaflavin and procyanidin B-2 were shown to have the more potent 

antiviral activity compared to the catechin monomers [109]. The antiviral activity of EGCG 

against adenovirus was suggested to occur through both intracellular and extracellular 

mechanisms [110].

In addition to possessing strong antiviral properties, there is also sufficient evidence that 

flavonoids exert anti-bacterial effects as well. EGCG was shown to inhibit the growth of 

Bacillus subtilis through binding to several surface membrane proteins [111]. EGCG was 

also shown to inhibit Listeria monocytogenes growth in macrophages derived from murine 

peritoneal cavity, through mechanisms that involved inhibition of disruption of the 

phagosomal membrane, which is important during the escaping phase of the bacteria [112]. 

Although most of these studies have been performed in vitro, there is sufficient evidence to 

evoke interest in development of select classes of flavonoids as alternatives to antiviral and 

antibiotics.
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3.4 Induction of Cellular immunomodulation by Flavonoids

Many flavonoids exert their immunomodulatory effects by either inducing or decreasing the 

expression of pro-inflammatory cytokines such as IFN-γ, IL-1β, IL-6, IL-12 and TNF-α as 

well as expression of activation surface molecules such as CD80, CD86 and MHC Class I 

and II [113]. This response of the innate immune system forms the first line of defense 

against pathogens and also plays a critical role in initiating the adaptive immune response.

EGCG has been reported to have a variety of physiological activities which include anti-

oxidant, anti-angiogenic, anti-proliferative, antiviral and anti-inflammatory properties [113]. 

Over the past two decades, many in vitro and a few in vivo studies have been conducted to 

examine these properties and suggest a possible mechanism of action. In one of the early 

studies, EGCG was shown to inhibit the growth of Legionella pneumophila in macrophages 

and selectively up-regulate the secretion of IL-12, IFN-γ and TNF-α while down-regulating 

IL-10 secretion in a dose dependent manner [114]. EGCG at physiologically relevant 

concentrations of 0.5–10 μM inhibited T cell proliferation by inducing cell cycle arrest and 

failure to divide [115]. EGCG also induced a reduction in IL-2R expression which may 

hinder IL-2 signaling pathways and thus contribute to T-cell proliferation [115]. In Jurkat T-

cells, EGCG was reported to significantly up-regulate the mRNA expression of TH1 and 

TH2 cytokines (IL-2, IFN-γ, IL-5 and IL-13) [116]. EGCG epigenetically modified Foxp3 

methylation by reducing the DNMT expression and DNA methylation and by promoting 

regulatory T-cell (Treg) activation and expansion [117].

In one of the early studies, quercetin inhibited over-production of TNF-α and nitric oxide 

(NO) in LPS stimulated murine macrophage RAW 264.7 cells [118]. In T-helper cells, 

quercetin suppressed the secretion of IFN-γ and IL-2 by blocking the gene transcription of 

IL-2Rα, which is required for high affinity binding [119]. Another study showed compared 

to stimulation with 10 U/ml IFN-γ, unstimulated RAW 264.7 macrophages significantly 

increased TNF-α secretion in the presence of procyanidin C2 (PCA C2) or Pycnogenol 

(PYC); whereas pretreatment with the dimeric and monomeric catechins did not have any 

effect on TNF-α secretion [120]. Immuno-suppressive effects of quercetin were studied in 

dendritic cells (DCs) where it inhibited LPS induced production of pro-inflammatory 

cytokines/chemokines as well as the expression levels of MHC Class II molecules. It also 

blocked endocytosis by DCs and decreased LPS-induced DC migration [121]. The trimeric 

form of catechin, procyanidin C1, was found to exert a TH1-mediated response by 

expression of TH1 mediated cytokines like IFN-γ, IL-12p70, and IL-2 in murine 

splenocytes. It also resulted in activation of macrophages through expression of cell surface 

molecules CD80 and CD86 [122]. Results from these findings suggested that flavonoids 

may exert both immuno-suppressive and immune-enhancing properties, depending on their 

chemical structures and the ability to mediate free radical reactions.

Another flavonoid with proposed anticancer activity is morin, which is present in mulberry 

twigs. In vitro data showed Morin to up-regulate Fas receptor and activate caspase-8, -9 and 

-3 in human colon cancer HCT 116 cells [123]. The data also showed induction of ROS 

generation and the loss of mitochondrial membrane potential with Bax protein activation and 

cytochrome C release [123]. The results also provided evidence that Morin suppressed the 
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anti-apoptotic proteins Bcl-2 and cIAP-1, thus contributing to augmentation of Morin-

triggered apoptosis. The data provided in this study suggested that Morin-induced apoptosis 

occurs through upregulating Fas receptor, as well as by controlling production of anti-

apoptotic proteins [123].

A number of in vivo studies also correlated well with published in vitro reports. Topical 

application of green tea extract rich in EGCG before a UV-B exposure reduced the 

infiltration of leukocytes, antigen-presenting cells and oxidative stress due to its 

immunosuppressive properties [124]. In another in vivo study in IL-2 deficient mice, EGCG 

was used for treating chronic inflammatory conditions [125]. Oral intake of green tea 

polyphenols in mice reduced the chances of succumbing to arthritis by diminishing the 

production of COX-2, IFN-γ and TNF-α in arthritic joint [126]. EGCG was used in 

combination with a DNA vaccine for HPV to investigate its role in immunotherapy with 

chemotherapy [127]. EGCG was found to act synergistically with the DNA anti-cancer 

vaccine by inhibiting tumor growth. The study showed oral administration of EGCG 

(0.5mg/ml) on the day of vaccination and continuation for the next 14 days resulted in 

increased antigen specific CD8+ and CD4+ T-cell mediated immune responses [127]. 

Effects of dietary supplementation of procyanidins on immunomodulation were studied in 
vivo [128]. The study reported that the secretion of LPS induced pro-inflammatory cytokines 

TNF-α, IL-1β and IL-6 were reduced in pigs fed a diet of 0.02% and 0.04% of procyanidins 

for 4 weeks [128].

Most of the in vitro studies on EGCG have focused on the effects of higher concentrations of 

EGCG. However; due to its poor bioavailability, similar to other polyphenolic compounds, 

its effects in vivo could be varied. For instance, a recent in vivo study using C57BL/6 mice 

reported the effects of dietary supplementation with different doses of EGCG on 

inflammatory responses [129]. Results of the study reported mice with a 1% EGCG diet 

produced more pro-inflammatory cytokines such as TNF-α, IL-6 and IL-1β as well as 

prostaglandin E2 in their splenocytes and macrophages compared to the groups fed with a 

0.15% w/w and 0.3% w/w EGCG diet [129]. Results of the study also showed increased 

proportions of T cells, natural killer (NK) cells and natural killer T (NKT) cells in mice fed 

with 1% EGCG diet, whereas lower concentration of EGCG at 0.15% and 0.3% w/w had no 

effect on the pro-inflammatory responses [129].

Curcumin is a component of turmeric; the powdered rhizome of the plant Curcuma longa 
that is used as a spice in Asian cuisine. It has shown to have both anti-inflammatory and 

chemoprotective properties particularly against colon cancer in rats [130]. Another study 

reported curcumin supplementation increased numbers of CD4+ T-cells in intestinal mucosa 

of mice in a colorectal cancer model. Curcumin was also found to increase the intestinal 

immune function in high fat fed animals through elevation of luminal IgA by increasing IgA 

production or suppressing IgA degradation [131]. Tannic acid and quercetin were shown to 

have a therapeutic effect on atopic dermatitis (AD) through suppression of angiogenesis and 

TH2 related cytokine expression in an AD like NC/Nga mouse model. These mice are 

hairless, and of albino background and exhibit AD symptoms spontaneously with age [132].
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3.5 Clinical Evidence of Induction of Immunomodulation by Flavonoids

Animal studies over the past several decades have reported flavonoids to have 

immunomodulatory roles through their anti-oxidant and anti-inflammatory activities. Such 

studies have prompted clinical evaluation of select flavonoids in treatment of various 

cancers, including prostate, ovarian, breast and colon cancers. Several prospective and case 

control studies using various flavonoids have been reported to have positive effects on 

prostate cancer. A clinical study showed the positive effect polyphenols and their bioactive 

metabolites from green tea have on prostate cancer prevention [133]. Patients with clinically 

localized prostate cancer were given six cups of green tea for 3 to 6 weeks before 

undergoing radical prostatectomy. Compared to the control group, 50 to 60 % of both EGCG 

and ECG in methylated form were present in the prostate tissue and urine in the group 

treated with green tea [133]. Relevant to this study, compared to EGCG, in vitro cultures of 

LNCaP prostate cancer cells showed methylated form of EGCG (4′-MeEGCG) decreased 

the NF-κB activation and induced apoptosis. These data suggested methylated forms of 

EGCG could exert anti-cancer effects on prostate cancer [133]. Another study also showed 

treatment with EGCG significantly reduced serum levels of PSA, HGF and VEGF in men 

with prostate cancer [134]. A recent study investigated the effects of oligonol, a low 

molecular weight polyphenol of lychee fruit extract supplementation on leukocyte and 

immune cell counts after heat loading in healthy males [135]. Heat loading is a method in 

which subjects were conditioned to thermoneutral climate chamber (26 ± 0.5 °C; 60% ± 3% 

relative humidity; air velocity < 1 m/s) for 1 hour prior to applying heat load for 30 minutes 

with half of the body immersed in hot water maintained at 42 ± 0.5 °C [135]. Along with 

significantly increasing the number of leukocytes and lymphocytes, the study also showed 

daily administration of 200 mg oligonol for 1 week decreased serum concentrations of IL-6 

and IL-1β 1 hour after heating the subjects compared to placebo group [135]. A similar 

study by Shin et al. reported decreased serum concentration of PGE2 and COX-2 and body 

temperature after passive heating in oligonol supplemented group compared to the placebo 

[136]. Results from these findings provide some evidence on the antipyretic, analgesic and 

anti-inflammatory effects of oligonols as well as shed some light on the possible view that 

oligonol could be used to suppress the elevation of body temperature under heat stress.

Flavonoids may have positive effects against cancer development though various 

biochemical pathways due to their ability to mediate free radical reactions. A recent 

prospective study in women investigated the effects of 5 different flavonoids, myricetin, 

kaempferol, quercetin, luteolin and apigenin on ovarian cancer [137]. Although, the study 

was not able to provide a clear link between the effects of each of these flavonoids on 

ovarian cancer; some results showed significant decrease in ovarian cancer incidences 

following kaempferol and luteolin intakes [137]. On the other hand, daily dose of an EGCG 

enriched tea drink was shown to have no effect on advanced stage ovarian cancer [138]. 

Another case control study in Japanese women provided further evidence of consumption of 

polyphenols from green tea did not reduce the risk of breast cancer [139]. In contrast to the 

data reported in several preclinical studies, a recent clinical study in healthy individuals 

showed daily intake of hesperidin from orange juice did not induce immunomodulation 

[140]. Another clinical study reported positive effects of daily dose of apigenin and EGCG 
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on recurrence rate of colon neoplasia in patients with resected colon cancer [141]. In 

contrast, several case-control studies have reported inverse associations of site-specific 

cancer risk with intake of kaempferol [142,143], quercetin [143–145], catechin [145], 

epicatechin [143,145].

Several clinical trials have reported curcumin to have anti-inflammatory and protective 

effects against various cancer treatments. In accordance with the animal studies reported 

previously, a study in patients with colorectal cancer reported a mechanism by which 

curcumin supplementation resulted in increased p53 expression in tumor cells resulting in 

increased body weight, decreased serum TNF-α levels, increased apoptotic tumor cells, and 

thus, a modulation of the p53 tumor cell apoptotic pathway [146]. In a related in vitro study, 

it was reported that curcurmin exerted inhibitory effects on human endometrial carcinoma 

cells in down regulating their androgen receptor (AR) expression through the Wnt signaling 

pathway [147]. Another recent clinical trial showed oral daily supplementation of 6 g of 

curcumin during radiotherapy reduced the severity of radiation dermatitis in breast cancer 

patients [148]. These results, suggested a mechanism by which curcumin may exert its 

protective effects during treatments of certain chronic illnesses. A recent randomized clinical 

trial reported the chemopreventive effects of green tea (GT) and black tea (BT) in patients 

with prostate cancer [149]. Patients in this trial consumed 6 cups of GT, BT or water 

(control) daily prior to radical prostatectomy. The study reported significantly decreased NF-

κB in RP tissue of men consuming GT compared to control. Data also provided evidence of 

systemic antioxidant effect with GT group compared to BT or control suggesting the use of 

GT as a supplementation for prostate cancer prevention and treatment [149]. Based on these 

contrasting clinical findings, further understanding of the effect of flavonoids on cancer 

development and immunomodulation in general is required. This may be accomplished 

through more extensive and detailed analysis of the effects of flavonoids on intracellular and 

extracellular events in well-controlled clinical trials using highly purified and well-

characterized compounds.

4. Expert Opinion

It is logical to consider that cells need nutrition to perform their functions. It is, however, 

surprising that until relatively recently the role of nutritional compounds in cells of the 

immune system was not seriously considered. Similar to various pathogenic stimuli that 

dictate the functions of various cells of the immune system, presence or absence of certain 

nutrient components, also can direct cells in various differentiation and effector function 

pathways. Conversely, metabolic pathways in leukocytes can provide guidance on 

intracellular events that lead to various gene expression and effector functions. Thus, it is not 

surprising that recent accumulation of reports on metabolic pathways and the role of various 

nutrients have shed light on this relatively ignored field of Nutritional Immunology.

There is now irrefutable evidence that several nutritional compounds, including vitamin A 

and flavonoids trigger immune-enhancing or immune-suppressing effects, through various 

intra-cellular signal transduction mechanism(s), including that of NF-κB. It may be argued 

that while much focus has been placed on the role of TLR and other compounds that cause 

innate pro-inflammatory responses, and hence their role in vaccine and drug design, there is 
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sufficient evidence to suggest that vitamin A and flavonoids may induce independent modes 

of signaling that may lead to immune-enhancing or immunosuppressive functions. However, 

the clear advantage of using nutritional compounds such as vitamin A and flavonoids is that 

of their enhanced safety compared to TLR or similar molecules, since these naturally 

occurring compounds have been safely consumed, or even injected as is the case in vitamin 

A deficiency, for decades. Signal transduction pathways for vitamins A, flavonoids, and 

similar structures, hence suggest a bidirectional link between these nutritional components 

and immune response elements. It is interesting that ATRA and EGCG treatments in 

different cells each induce the same ERK signal transduction pathway. These data strongly 

suggest that common gene clusters, involving immune response elements, are affected by 

vitamin A and flavonoids. Ultimately, it is the safety and efficacy of these compounds in 

clinical trials that will dictate future interest in them as immune-enhancers or immuno-

suppressors. The use of vitamin E, which has a completely different chemical structure than 

vitamin A, in an influenza vaccine used in Europe, which also contained squalene oil, 

caused narcolepsy in children. Hence, although vitamins and flavonoids may be safe if used 

on their own, formulating them with other compounds will have to be carefully examined for 

safety. Since it appears vitamin A and at least one class of flavonoids may share a similar 

signal transduction pathway, one important unexplored area is how and whycombinations of 

vitamins, including vitamin A, and flavonoids, would induce synergistic immunomodulation 

when formulated appropriately. This is because, there is surprising preclinical evidence that 

indeed combinations of vitamins, including vitamin A and some flavonoids, synergistically 

enhance B and T cell responses, and can act as vaccine adjuvants [1,150]. It is also 

noteworthy that while strong antimicrobial properties of flavonoids have been reported, most 

such effects have been demonstrated in vitro, and in vivo preclinical studies are scant. 

Because most flavonoids have limited in vivo bioavailability, the focus on practical 

pharmaceutical use of these compounds against viruses and bacteria in future clinical 

settings will need to include delivery systems that enhance and sustain their in vivo 
bioavailability at concentrations that are sufficient for their exertion of microbial activity.
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Article Highlights

• Vitamin A derivatives and metabolites and select flavonoids are defined and 

Classified

• Induction of Intra-cellular Signal Transduction Pathways by Vitamin A and 

Flavonoids as they relate to their immunomodulation activities

• Cellular Immunomodulation by Vitamin A and Flavonoids and production of 

effector B and T cell molecules against infectious diseases and cancers

• Antibacterial and antiviral Properties of select Flavonoids

• Clinical Evidence of Immunomodulation by Vitamin A and Flavonoids in the 

context of cancer treatment or vaccinations against infectious diseases
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Figure 1. 
Basic structure of retinyl palmitate and β-carotene showing important structural features 

essential for vitamin activity.
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Figure 2. 
Reversible reaction of Retinal and Retinol.
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Figure 3. 
Basic chemical structure of all flavonoids (A). Basic structure of catechins representing the 

two chiral centers (B).
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Figure 4. 
Classification of various flavonoids.
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