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Abstract Realizing the indispensable role of the immune system in maintaining the
disease-free state, concept of immunomodulation is gaining increased public per-
ception. Rising incidences of life-threatening infections need improvement in dis-
ease resistance ability of individuals by immune stimulation. In healthy state,
immunostimulants act as prophylactic on both innate and adaptive immune
responses and protect body against infections, allergy, as well as life-threatening
diseases like cancer. On the contrary, immunosuppressants are useful in autoimmune
inflammatory diseases and transplant recipients for prevention of graft rejection.
Wide range of synthetic or recombinant immunomodulators currently in use, like
levamisole, tacrolimus, and thalidomide, are associated with numerous side effects.
Microbiological or recombinant synthetic cytokines too exhibit severe adverse
reactions. Plant-derived nutraceuticals belonging to alkaloids, flavonoids, glyco-
sides, sterols, terpenoids, etc. not only protect the plant but also target oxidative
stress in the human body and show beneficial outcome in the management of chronic
inflammation, diabetes, cancer, and cardiovascular diseases and in developing
immunity. The primary focus of this chapter is to provide a deep insight into
scientific data on immunomodulatory properties of plant-derived nutraceuticals,
mechanism of action, and challenges and clinical restraints.
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3.1 Immunomodulators

The primary function of the immune system is to defend the body against infected
pathogens and harmful antigens and carry out these functions through its two main
branches, viz., nonspecific immunity and antigen-specific immunity. The immediate
defense system of the body that protects the body from invading pathogens is known
as the nonspecific immunity, while a more complex and antigen-specific or cell-
mediated immunity that also results in an immunological memory due to a prior
exposure to the antigen is known as antigen-specific immunity (Mohamed et al.
2017). The reaction of the body against any foreign body/pathogen is known as
immune response. There are certain molecules that can alter the immune response,
positively or negatively, and such molecules are known as immunomodulators (Nair
et al. 2019). Depending on this effect, the molecules can be classified as stimulant,
suppressor, or adjuvant. Accordingly, in the condition like an autoimmune disorder,
wherein the body immune cells do not differentiate between self-cells and foreign
cells and start eliminating their own body cells, an immune-suppressor molecule is
required. In such a condition, an immune-suppressor molecule will help to restore or
normalize the immune system. Even in conditions like organ transplant, immune
suppressors are administered so as to avoid transplant rejection. While in conditions
like AIDS wherein the immune system of the body is disengaged, an immune
stimulator activates/boosts the immune system toward normality. Immuno-adjuvants
are essentially used to augment the effect of a vaccine. An overview of immuno-
modulators and their functions is represented in Fig. 3.1.

Fig. 3.1 Types of
immunomodulators and 1 |mmun°_suppressor
their applications ;
* Normalise the activated immune system

* Organ Transplant

» Auto-immune disorders
s_stimulator

* Augment the immune system
+ Cancer, AIDS

« Augment the effect of Vaccines
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All the three categories of the immunomodulators employ one or more of the
activities, viz., apoptosis, protein synthesis, antigen presentation, targeting various
transcription factors and immune mediators, etc., to exert their actions (Nair et al.
2019). Immunomodulator molecules either inhibit or proliferate the immune-
responsive cells, viz., lymphocytes, macrophages, neutrophils, natural killer
(NK) cells, and cytotoxic T lymphocytes. The immunomodulators can act by
specific or nonspecific action (Bascones-Martinez et al. 2014). Immunomodulators
that act on a specific immunity primarily act on the immune system of the cells
depending on the attacking antigen or immunogen, with discriminatory specificity
for immune response, while nonspecific immunomodulators stimulate or suppress
the immune response, without activating any specific immune cell for a specific
antigen. Nonspecific immunomodulators are further subdivided into three types
(Bascones-Martinez et al. 2014):

* Type I, which acts on normal immune system

e Type II, which acts on immunosuppressed immune system

e Type III, which acts on functionally normal and immunosuppressed immune
system

Cancer is one of the diseases wherein immunomodulators have been most
commonly used with an aim to prompt the immune system to respond against
tumor cells. The chief immune cells involved in body’s defense against tumor
cells are NK, dendritic cells, macrophages, polymorph nuclear cells, mast cells,
and cytotoxic T cells. Dendritic cells are the main antigen-presenting cells (APC)
and form a link between innate and adaptive immune systems. Dendritic cells
capture and present the tumor-associated antigen to naive T cells through major
histocompatibility complex, classes I and II. This results in activation, cloning, and
proliferation of T lymphocytes into CD4+ helper T cell and CD8+ cytotoxic T cells.
Simultaneously, pro-inflammatory cytokines such as IFN-y and IL-12 are released,
thereby improving the tumor uptake by APCs and activation of Thl response. Thl
response eventually activates the cytotoxic T lymphocytes (Wu et al. 2009a).
Various immunomodulators currently used in clinical practice are tabulated in
Table 3.1.

It can be observed from Table 3.1 that currently used immunomodulators have
generalized effect on the immune system and several adverse effects. Therefore,
safer, effective alternative having specific mechanism of immunomodulatory effect
is need of the hour.

3.2 Immunomodulatory Phytochemicals

Currently, the pharmaceutical research and new drug development involve finding
new molecular targets for specific diseases and focus mainly on single-molecule
studies. However, the new drug development process is a time-consuming, slow, and
expensive business. Chances of discovering a potent drug with high selectivity and



76

S. Nagaraja et al.

Table 3.1 Few commonly used synthetic immunomodulators, their mechanism of action, and

associated side effects

Drug Immunological effect Adverse effects References
Cyclosporine A Inhibits gene transcription | Tremors, kidney damage, Rosmarin
in T-cell lymphocytes for hypertension, et al. (2010)
IL-2 hypertrichosis, and Kim et al.
hyperkalemia, and (2018)
hypomagnesemia
Tacrolimus Inhibits T-cell proliferation | Angina pectoris, cardiac Randomised
by binding to FK506- arrhythmias, hypertension, | trial (1994)
binding protein alopecia, pruritus, rash, and Pham
new-onset diabetes mellitus | et al. (2011)
after transplant, electrolyte
imbalance, metabolic aci-
dosis, weight gain, abdom-
inal pain, nausea, vomiting,
diarrhea, urinary tract
infection, hepatotoxicity,
arthralgia, muscle cramps,
blurred vision, visual dis-
turbance, otalgia, otitis
media, tinnitus,
nephrotoxicity
Sirolimus Interferes with signals from | Increased susceptibility to | Jewett and
growth factor receptors, infection, graft loss, lym- Tseng (2017)
such as the IL-2 receptor phoma, malignancy,
and blocks T-cell hepatic artery thrombosis in
proliferation liver transplant patients,
bronchial anastomotic
dehiscence in lung trans-
plant patients, hypersensi-
tivity reactions, exfoliative
dermatitis, angioedema,
hypertriglyceridemia,
hypercholesterolemia,
decline in renal function,
proteinuria, interstitial lung
disease
Azathioprine Inhibits DNA and RNA Nausea, leukopenia, pan- Morris (2014)
synthesis by interfering creatitis, risk of lymphoma, | and Jewett
purine synthesis and fever, fatigue arthralgias/ and Tseng
suppressing de novo purine | myalgia, hepatotoxicity, (2017)
synthesis Blocks lympho- | nephrotoxicity,
cyte proliferation and PL-2 | hypersensitivity
production
Cyclophosphamide | Alkylating agent and cross- | Hemorrhagic cystitis, Ogino and
links cellular macromole- amenorrhea, alopecia, Tadi (2020)
cules like DNA, RNA, and | myelosuppression, nausea, |and Jewett
proteins vomiting, cardiotoxicity, and Tseng
lung toxicity, hepatotoxic- | (2017)
ity, and secondary
malignancies

(continued)
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Drug Immunological effect Adverse effects References
Mofetil Mycophenolate inhibits Abdominal or stomach Jewett and
mycophenolate inosine monophosphate cramps or pain; black; tarry | Tseng (2017)
(prodrug) dehydrogenase which stools; bladder pain; bleed- | and Ruiz and
Hydrolyses to eventually inhibits lym- ing gums; bloating or Kirk (2015)
mycophenolic acid | phocyte proliferation swelling of the face, arms,
hands, lower legs, or feet;
blood in the urine or stools;
bloody or cloudy urine;
burning; crawling; itching;
numbness; prickling; “pins
and needles”; or tingling
feelings
Leflunomide Inhibits pyrimidine synthe- | Diarrhea, nausea, head- Haraoui
sis, block T-cell and B-cell | ache, rash, stomach upset, (2015)
proliferation abnormal liver tests
Muromonab Binds and blocks the CD3 | Increased risk of infection, | Sgro (1995)

complex of the T-cell

reduction in the number of

blood cells needed for
clotting, chest pain, dizzi-
ness, fever and chills,
shortness of breath, stom-
ach upset, and trembling or
shaking of the hands within
a few hours after taking the
first dose

receptor

low toxicity are extremely low. Therefore, scientists are looking for new drug
candidates from the well-established and proven alternative medicines like plants,
algae, and mushrooms, having better patient tolerance and acceptance. Salicin,
cocaine, codeine, digitoxin, quinine, vincristine, vinblastine, pilocarpine, paclitaxel,
and artemisinin are few representative isolated phytoconstituents being successful
today as drugs for the treatment of various diseases. The search for natural products
of plant origin as new leads for development of potent and safe immunosuppressant
and immunostimulant agents is gaining much major research interest. Wide varieties
of plants either whole or parts of plants have shown immunomodulatory mechanism
of action, thus having application as successful antioxidant, anti-inflammatory,
hepatoprotective, cardiotonic, and several other medicinal benefits. Very popular
examples of such plants are Curcuma longa, Withania somnifera, Ocimum sanctum,
Aloe vera, Andrographis paniculata, Asparagus racemosus, Boerhavia diffusa, and
Echinacea angustifolia (Kumar et al. 2012). Isolated phytoconstituents like glyco-
sides, coumarins, polyphenolics, flavonoids, polysaccharides, and alkaloids have
been reported to be responsible for the plant-immunomodulating properties
(Kesharwani and Misra 2010; Mishra et al. 2019) (Fig. 3.2).
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Fig. 3.2 Various classes of immunomodulatory phytoconstituents and examples thereof

The literature of the last decade suggests that marine algae metabolites, namely,
lectins, laminarans, polyphenols, and sulfated polysaccharides like fucoidans and
carrageenans, have shown biological activities and applications for the treatment of
immunodeficiency diseases (Besednova et al. 2019). Lectins, carbohydrate-binding
proteins without any enzymatic activity, have therapeutic potential. Cyanobacteria
such as cyanovirin-N, microvirin, microcrystalline viridis-lectin scytovirin,
Oscillatoria agardhii lectin, and griffithsin inhibit the infection of cells with HIV
and also prevent the transmission of the pathogen from infected cells to uninfected
CD4+ T lymphocytes (Singh and Walia 2018). Eckol, a phlorotannin from marine
brown algae, exhibited in vivo antitumor effect in a sarcoma 180 (S180) xenograft-
bearing animal model (Zhang et al. 2019a, b). Eckol showed antitumor activity by
upregulation of Caspase-3 and Caspase-9 and downregulation of Bcl-2, Bax, EGFR,
and p-EGFR. Microalgae biosynthesize a large number of diverse bioactive metab-
olites, and therefore fractions of microalgae or pure compounds isolated from
microalgae have shown anticancer, anti-inflammatory, immunomodulatory proper-
ties (Martinez Andrade et al. 2018; Riccio and Lauritano 2019) and beneficial effects
in neurodegenerative diseases as well (Bule et al. 2018). Compounds like sulfated
polysaccharides, sulfolipids, polyunsaturated fatty acids, and astaxanthins from
microalgae are potential immunomodulators. Extracts from Alexandrium tamarense,
Chaetoceros calcitrans, Chaetoceros socialis, and Thalassiosira weissflogii have
shown activation of IL-6 and human peripheral blood mononuclear cells (Cutignano
et al. 2015). Food supplement of condensed water-soluble extract of commercially
available spray-dried Spirulina sp. activates human innate immune system



3 Immunoregulatory Bioactive Phytoconstituents: Recent Trends and. . . 79

augmenting interferon production and NK cytotoxicity (Hirahashi et al. 2002).
Sulfated polysaccharides from Tribonema sp. showed immunostimulation and anti-
cancer activities on RAW264.7 macrophage cells and HepG2 cells and significant
immunomodulatory activity by stimulating macrophage cells, upregulating IL-6,
IL-10, and TNF-a (Chen et al. 2019). Manzo et al. (2017) synthesized a
sulfoglycolipid using microalgae-derived sulfolipids as lead compounds and used
it as vaccine adjuvant to trigger dendritic cell activation and improve immune
response against cancer cell. The synthetic sulfoglycolipid stimulated the production
of the pro-inflammatory cytokines IL-12 and INF-y and increased the expression
levels of IL-1a, IL-1f, IL-18, and IL-27.

Increasing body of scientific literature now suggests that, apart from plants, many
phytochemicals from edible and nonedible mushrooms too have diverse biological
actions (Xu et al. 2012). Mushrooms are considered as a healthy food as they contain
high protein, low fat, and essential amino acids like lysine and leucine and essential
micronutrient vitamins such as thiamine, riboflavin, niacin, biotin, ascorbic acid, and
vitamin D (Cardwell et al. 2018; Liu et al. 2019; Sliva 2004). In addition, mush-
rooms also contain polysaccharides, polysaccharopeptides, phenolic compounds,
and terpenoids. Polysaccharides, particularly p-p-glucans, are responsible for the
immunomodulatory activity. In many cultures, mushrooms are used as a food to
stimulate the immune system to cure diabetes and cancer. Mallard et al. (2019)
studied immune modulation by a medicinal mixture of three different mushrooms,
namely, reishi, shiitake, and maitake. The extracts of Ganoderma lucidum (reishi),
Lentinula edodes (shiitake), and Grifola frondosa (maitake), alone and in combina-
tion, were evaluated for their effect on the expression of cytokines IL-1a, IL-6,
IL-10, and TNF-a in human macrophages with and without lipopolysaccharide
(LPS) stimulation. All the extracts were found to be highly potent
immunostimulators as observed from very low effective concentrations (<100 pg/
mL). Combined extract formula exhibited lowest effective concentration for TNF-a
expression in LPS-stimulated macrophages compared to the individual extracts,
suggesting a potential synergism. Therefore, a combination of these mushrooms is
widely used in nutraceutical supplements (Keservani et al. 2016a, b, c, 2020).

Aqueous extracts from the vegetative submerged mycelia of these three mush-
rooms showed antitumor activity in vivo in rats with implanted kidney cancer
(Vetchinkina et al. 2016; Keservani et al. 2016a, b, ¢, 2018). Polysaccharide fraction
of Ganoderma lucidum has been extensively studied for identification of cellular
immunostimulatory mechanism. It exerts antitumor effects from human neutrophils
by inhibiting spontaneous and Fas-mediated apoptosis through activation of the
phosphatidylinositol 3-kinase (PI3K)/Akt pathway, independent of the extracellular
signal-regulated kinase pathway. It also stimulates phagocytosis and chemotaxis of
neutrophils through the mitogen-activated protein kinase and protein kinase C
pathways (Sliva 2004).

Considering the potential of immunoregulatory effect of plants and mushrooms,
intellectual property rights are being issued to protect the new and unique key
characteristics. The majority of patents and patent applications are of plant extract
or extracts of combinations of plants. Being mixtures of discrete components,
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extracts usually display synergistic effects and multiple therapeutic actions than their
isolated constituents. However, issues pertaining to quality, safety, and efficacy, viz.,
authentication, variability due to geographic location, seasonal changes, soil,
weather, and microbial and other creature attacks, must be addressed. Advanced
chromatographic fingerprinting by HPLC, HPTLC hyphenated with spectrometric
detections like NMR, and MS in view of phytochemical profiling is of utmost
importance to account for batch-to-batch variations. Lack of toxicity data is also of
significant concern; assessing microbial content or mycotoxins would be of great
help. Thus, rigorous quality control and extensive physicochemical and biological
profiling can cater the need of developing potential herbal compositions into effec-
tive therapeutic agents (Gibbons 2003). Among Ayurvedic medicines, ashwagandha
(Indian medicinal herb) holds the first US patent (US 2010/0285064 A1) for acting
as a vaccine adjuvant. Its capability of invoking T-cell-dependent immune responses
against weaker antigens such as bacterial polysaccharide has been studied. Process
of preparing withanolide-rich fraction (withanolide A, withaferin A, withanolide B,
withanoside IV, withanoside V, and 12-deoxy-withastramonolide of ashwagandha
roots in high yields) has been patented by Jadhav et al. (2010). Adjuvant effect was
studied on meningococcal A polysaccharide vaccine, and IgG estimation was carried
out. Vaccine containing the adjuvant ashwagandha turned out to be more immuno-
genic and induced significant IgG response either if used immediately after combin-
ing with vaccine or when kept overnight with vaccine. However, higher adjuvant
activity was seen when kept overnight. Additionally, significant coadjuvant effect
was observed with alum, thereby suggesting its chance inclusion in adjuvant-
containing formulations (Keservani et al. 2016a). Summary of few patents from
the past two decades on phytoextracts as immunomodulator is presented in
Table 3.2.

3.3 Isolated Phytochemicals as Immunoregulators

The possibility to enhance endogenous immune functions with the use of herbal
bioactive constituents/herbal nutraceuticals is extensively investigated (Trung and
An 2018). Several herbal nutraceuticals have been reported to modulate in immune
functions; however, their potentials as immune boosters are not systematically
investigated in well-controlled human clinical studies. Widely investigated isolated
phytoconstituents having potent effects on innate and adaptive immunity in preclin-
ical research, namely, resveratrol, epigallocatechol-3-gallate (EGCG), quercetin,
curcumin, gingerol, and genistein, are discussed here.

3.3.1 Resveratrol

Resveratrol is trans-3,4’,5-trihydroxystilbene, a non-flavonoid polyphenolic phyto-
alexin derived from the skin of grapes and other fruits that demonstrate a broad range
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References Patented herb/herbs and
and patent Brief description of the their parts or chemical Immunomodulatory
number invention constituents effect claimed
Oosthuizen A crude or purified Euclea natalensis prefer- | Switching of Th2
(2015) ethanolic extract and its | ably shoots immune response to a
WO 2015/ pharmaceutical composi- Thl immune response
049643 Al tions having immuno- Increase in three out of
modulatory and four Th1 cytokines,
hepatoprotective activity decrease in one of the
for the treatment of upper Th2 cytokines
respiratory bacterial
infections and immuno-
deficiency disorders
Pylypchuk Medicinal herb compo- | Elecampane rhizome Increase in total and
(2011) sitions for the treatment | (Inula sp.), fennel fruit CD4 lymphocyte counts
US 7.964.221 | of infectious diseases (Foeniculum sp.), juniper
B2 Dzherelo (oral- berry (Juniperus sp.),
immunomodulating licorice root
agent produced from (Glycyrrhiza sp.), oreg-
26 plant materials) ano herb (Origanum sp.),
marigold flowers
(Calendula sp.), rose
hips (Rosa sp.), thyme
(Thymus sp.), etc.
Mitra et al. Natural Symplocos racemosa Cancer: surge in
(2009) immunostimulant com- | bark pro-inflammatory cyto-
US 2009/ position, methods for Prosopis glandulosa kine TNF-C-hastening
0136602A1 obtaining, preparing, and | leaves apoptosis

treating diseases related
to immunodeficiency,
e.g., cancer conditions,
hepatitis B, HIV

Increased macrophage
activity, phagocytosis of
the apoptosis cells

HIV: increase in cell-
mediated immunity by
initiating the clonal
expansion of the lym-
phocytes

Hepatitis B: increase in
cell-mediated response
and humoral response
and aid in scavenging of
the affected cells

Banerjee et al.

(2009)
US 2009/
0175964 Al

Edible composition for
enhanced immunity

Theanine or a source of
theanine Shankhpushpi,
shatavari, or a mixture
thereof

In vitro activation of
macrophage in cell cul-
ture assays leading to
higher phagocytosis
index

(continued)
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References Patented herb/herbs and
and patent Brief description of the their parts or chemical Immunomodulatory
number invention constituents effect claimed
Rangel Phyto-nutraceutical Energy-enhancing herbs | Bio-intelligence modu-
(2008) composition for preven- | Eleutherococcus lator plants regulate the
US 2008/ tion and treatment of senticosus, Panax gin- neuroendocrine sys-
0118582 A1l chronic degenerative seng, Panax tems, immunological
diseases quinquefolius, Pfaffia systems, and cellular
paniculata, Rhodiola processes
rosea, and Schisandra Eleutherococcus
chinensis senticosus stimulates
Bio-intelligence modula- | production of
tors T-lymphocyte and natu-
Andrographis ral killer cells
paniculata, Astragalus Grifola frondosa
membranaceus root, increases production of
Coriolus versicolor, cytokines IL-1 and IL-2
Echinacea spp., Hydrastis canadensis
Ganoderma lucidum increases production of
mushroom, Grifola immunoglobulins G and
frondosa mushroom, M and stimulates the
Hydrastis canadensis phagocytic capacity of
root, Lentinus edodes, macrophages
Morinda citrifolia,
Petiveria alliacea,
Sutherlandia frutescens,
Uncaria tomentosa,
Vitex agnus cactus
Organizational improver
Fulvic acid, Hydrocotyle
asiatica, Opuntia ficus
indica, shark cartilage
Holt (2007) Herbal compositions, Shiitake mushroom, Aloe | Strong direct activation
UsS 2007/ methods of stimulating vera leaf, brewer’s yeast, | of NK cells by induction
0196381A1 immunomodulation, and | Coriolus mushroom, of CD69
enhancement of active hexose correlate
immunomodulating compound,
agents using the herbal Andrographis
composition Paniculata
Eleutherococcus
Senticosus
Patwardhan Medicinal fractions hav- | Withania somnifera root | Increase in white cell
and Kapadi ing immunostimulant total counts and anti-
(2004) and antitumor activity body titers
US 2004/ for reversing natural or
0033273A1 drug-induced immuno-

suppression or
myelosuppression and a
process for their
manufacturing

(continued)
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References Patented herb/herbs and
and patent Brief description of the their parts or chemical Immunomodulatory
number invention constituents effect claimed
De Souza Standardized extract Tinospora cordifolia Increase in phagocyto-
et al. (2002) compositions for the sis by leukocytes
WO 2002/ treatment of immunity- Increase in WBC counts
053166A1 related disorders and by induction of leuko-
method of treatment cytosis
thereof Induces release of gran-
ulocyte macrophage-
colony-stimulating fac-
tor (GM-CSF) abating
leukopenia
Lam (2003) Dietary supplement Ganoderma lucidum, Enhancement in pro-
WO 2003/ stimulating the immune | Dioscoreae oppositae, duction of interleukin-1
068145A2 system without produc- | Chrysanthemum 3 without causing an
ing an allergic response | morifolium, Radix increase in the produc-
astragali, Folium isatidis | tion of interleukin-4
Lu (2008) Herbal medicine extracts | Glycyrrhizae radix, Significant interferon-o
JP4980305B2 | capable of inducing Bupleuri radix, production induction in
interferon production of | Scutellariae radix, cell line (NK92) of T
immune cells and acti- Schisandrae fructus, lymphocytes and NK
vating a Toll-like recep- | Paeoniae radix rubra cells
tor and a method for Activation of various
producing the same Toll-like receptors
TLR2, TLR4, or TLR7
Lee-Huang Methods and pharma- Oleuropein, its analogue, | Modulation of
et al. (2009) ceutical compositions for | derivatives, or adipogenesis,
Us 2009/ treating obesity or metabolites lipodystrophy, reduc-
0061031A1 obesity-related disorders tion of fat accumulation
and for inhibiting the and weight gain. Pre-
infectivity of HIV vention of HIV viral
fusion/entry into a host
cell and binding of the
catalytic site of the HIV
integrase
Wong et al. Carbohydrate-based Ganoderma lucidum Antibodies generated
(2016) immunogenic composi- | (Reishi F3) specifically binds to
US 2016/ tions containing fucose- tumor-associated anti-
0166661 A1 | enriched polysaccharides gens, stage-specific

embryonic antigen, gly-
can antigen, o-L-
fucose-specific lectin,
Ulex europaeus
agglutinin-I, trigger
complement-dependent
cytotoxicity in cancer
cell

(continued)
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References Patented herb/herbs and

and patent Brief description of the their parts or chemical Immunomodulatory
number invention constituents effect claimed
Stamets Antiviral products useful | Aqueous—ethanol Activation of Th1 arm
(2018) in preventing the spread | extracts from the living of lymphocyte activity
usS and proliferation of vari- | mycelium of Antrodia, Activation of the
9,931,316B2 ous viruses afflicting Fomes, Fomitopsis, ER-mediated ROS

animals particularly
viruses harming humans,
pigs, birds, bats, and
bees

Ganoderma, Inonotus,
Schizophyllum,
Phellinus, Piptoporus,
Trametes, etc.

pathway
Induction of apoptosis

of biological activities. Resveratrol is effective anticancer, antioxidant, and anti-
inflammatory (Pund et al. 2014; Yuan et al. 2012) having significant potential for the
prevention or treatment of cardiovascular diseases, autoimmune disorders,
age-related neurodegenerative diseases like Alzheimer’s and Parkinson’s disease,
and other chronic disorders (Oliveira et al. 2017; Pund et al. 2020).

Resveratrol mediates its several biological effects through modulation of multiple
signal inflammatory pathways which are generally dysregulated (Rieder et al. 2012).
By suppressing inflammation, resveratrol alleviates inflammatory symptoms in
cancer and several other autoimmune diseases such as colitis and rheumatoid
arthritis (Pund et al. 2014; Gambini et al. 2015). A key mechanism of action of
resveratrol is through inhibition of production of inflammatory factors through the
activation of Sirt1 (Saqib et al. 2018). Sirt] (mammalian) is an important deacetylase
member of the sirtuin family involved in a broad range of molecular events and
physiological functions like control of gene expression, metabolism, cancer, embry-
onic development, and aging (Rahman and Islam 2011). Sirt] maintains periphery
T-cell tolerance and plays a major role in counteracting cellular stress and apoptosis
(Cattelan et al. 2015). Sirtl regulates two main pro-inflammatory pathways in the
immune response, NF-kB and AP-1 pathways, and thus regulates the immune
system (Manna et al. 2000). Sirtl has a direct regulatory role in macrophages, the
most abundant component of the innate immune system, and a main source of
pro-inflammatory cytokines TNF-a, IL-6, and IL-1 secreted in response to infection
and inflammation. The inhibitory effect of Sirtl on the NF-kB pathway has an
essential role in suppressing the pro-inflammatory phenotype of macrophages
(Kong et al. 2012). Structural studies indicate that resveratrol binds to Sirtl, mod-
ulates the Sirtl structure, and enhances binding activity to its substrates. RelA/p65 is
an NF-xB member and principal substrate of Sirtl that regulates leukocyte activation
and inflammatory cytokine signaling (Malaguarnera 2019). Resveratrol activates
Sirt] and mediates RelA/p65 deacetylation, thus inhibiting TNF-a-induced NF-xB
transcription and sensitizing cells to apoptosis (Signorelli and Ghidoni 2005). The
antitumor effect of resveratrol was indirectly inhibiting its potential effect on
nonspecific host immunomodulatory activity and direct inhibition of growth of
implanted H22 cells tumor in Balb/c mice (Liu et al. 2003). Resveratrol by
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intraperitoneal route could insignificantly increase the host nonspecific immunolog-
ical defense of mice with H22 tumor, by raising the level of serum IgG and TNF-a
and the number of plaques forming cells.

Similar mechanisms were also observed in collagen-induced arthritis model in
mice. Resveratrol inhibited T-cell activation by enhancing the expression and
deacetylase activity of Sirtl, thereby decreasing the acetylation of c-Jun and
blocking the translocation of c-Jun into the nucleus (Zou et al. 2013). Prophylactic
or therapeutic administration of resveratrol attenuated clinical parameters and bone
erosion in collagen-induced arthritis model in DBA1 mice model (Xuzhu et al.
2012). Researchers specifically assessed the immune mechanisms by which resver-
atrol prevented and suppressed ongoing arthritis and determined its role in the
regulation of humoral immunity by measuring collagen-specific and total IgG levels
in serum. Resveratrol significantly prevented the development of serum collagen-
specific IgG2a and IgG1 without any influence on the levels of total IgG1 or IgG2a,
suggesting that resveratrol selectively controls the collagen-specific B-cell response
and is not a general B-cell-depleting/B-cell-suppressing factor (Xuzhu et al. 2012).
Resveratrol prevented hyperplasia of synovial cells by disrupting mitochondrial
membrane potentials, by decreasing B-cell lymphoma-extra-large expression, and
by allowing cytochrome ¢ from the mitochondria into the cytosol (Nakayama et al.
2012).Resveratrol was found to be very effective in suppressing the potent immune
responses induced by inhalation of superantigen, staphylococcal enterotoxin B in
C57BL/6 mice acute lung inflammation model. Upregulation of Sirtl,
downregulation of NF-kB, and reduction in cytokine production were factors
responsible for neutralization of toxicity of superantigen (Rieder et al. 2012). In
case of inflammation in the colon induced with 2,4,6-trinitrobenzenesulfonic acid
solution (TNBS) in BALB/C mice, resveratrol induced a shift from a
pro-inflammatory to anti-inflammatory T-helper response in mesenteric lymph
node. Resveratrol regulated several microRNAs that modulated inflammatory
genes and factors. Decrease in the expression of several miRs (miR-31, Let7a,
miR-132) that targets cytokines and transcription factors involved in anti-
inflammatory T-cell responses (Foxp3 and TGF-f) was observed in resveratrol-
treated animals (Alrafas et al. 2020). Earlier, Zhang et al. (2019a) confirmed the
effectiveness of resveratrol treatment in dextran sulfate solution-induced colitis
through upregulation of colonic tissue levels of Sirtl, along with downregulation
of pro-inflammatory factors like autophagy-related 12, Beclin-1, and microtubule-
associated protein light chain 3 II. Natural killer cells serve as an antitumor defense
through their direct cytotoxic and indirect immunoregulatory capacities. Inactivation
of natural killer cells causes immune escape of tumor cells leading to rapid progres-
sion of cancer and the poor efficacy of immunotherapy. Natural killer group 2 mem-
ber D (NKG2D) is one of the most prominent activating receptors of natural killer
cells, and resveratrol upregulates NKG2D ligands. Resveratrol promotes NKG2D
recognition to induce the death of target cells by natural killer cells (Luis Espinoza
et al. 2013). Resveratrol also increases the expression of major histocompatibility
complex class I chain-related proteins A and B in cancer cell lines and xenograft
models and thus increases cytolysis of breast cancer cells by natural killer cells (Pan
et al. 2017).
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Cardioprotective effect of resveratrol is also through the activation of Sirtl. It
inhibits hypoxia-induced apoptosis via the Sirtl-FoxO1 pathway in H9c2 cells
proving its potential in preventing cardiovascular disease, especially in coronary
artery disease patients (Chen et al. 2009). Resveratrol reduces cardiomyocyte apo-
ptosis by Sirtl activity and NAD (+) level by an AMPK-dependent mechanism and
attenuates caspase-3 cleavage via heat-shock factor 1 deacetylation and heat-shock
protein expression upregulation (Cattelan et al. 2015). Peroxide-induced apoptosis in
cardiomyocytes is arrested by resveratrol by activation of Sirtl, Sirt3, Sirt4, and Sirt7
(Yu et al. 2009). Activation of Sirtl by resveratrol attenuates TNF-a-induced
vascular adventitial fibroblast apoptosis, cleaves caspase-3 protein expression, and
increases the Bcl-2/Bax ratio. The inhibitory effect of Sirtl on vascular adventitial
fibroblast apoptosis is partly mediated by the deacetylation of FoxOl (Wang
et al. 2013).

Resveratrol has shown to be effective for the treatment of organ-specific autoim-
mune diseases wherein a single organ is involved like type 1 diabetes mellitus,
inflammatory bowel diseases (Al Azzaz et al. 2019; Nunes et al. 2018; Shi et al.
2017), and psoriasis (Lai et al. 2017; Oliveira et al. 2017). Beta cells in the islets of
Langerhans are destroyed by the inflammatory environment resulting into insulin
deficiency and hyperglycemia. Differentiation of T-helper 1-activating B lympho-
cytes produces autoantibodies against beta cells. Th1 will also activate macrophage
and neutrophil migrations to the islet that will promote beta cell destruction by
increasing ROS (Wallberg and Cooke 2013). Resveratrol inhibits Th1 cell migration
by binding to chemokine receptor 6 and forming a complex with insulin for
increased glucose intake (Lee et al. 2011). Leukocyte infiltrates in psoriatic lesions
consist of dendritic cells, macrophages, neutrophils, and T cells. Dendritic cells
synthesize various pro-inflammatory cytokines, like TNF-a, IL-1p, IL-6, and IL-23,
that further promote IL-23 production in dendritic cells and IL-17 secretion from
Th17 cells which are inhibited by resveratrol (Kjer et al. 2015; Lai et al. 2017). On
similar lines, the adaptive immune system is generally considered as the primary
contributor to IBD pathogenesis through increased pro-inflammatory cytokines
driven by the T-helper cells or ineffective anti-inflammatory activity of regulatory
T cells (Wallace et al. 2014). The innate immune response is mainly triggered by
activation of the (NF-kB) pathway and macrophages, stimulating the secretion of
pro-inflammatory cytokines such as IFN-y, IL-1p, IL-6, IL-8, and TNF-a (Dou et al.
2014). Resveratrol has promising effects in bowel inflammation by modulation of
inflammatory signaling pathways, inflammatory biomarkers, and intestinal micro-
flora, thus improving clinical outcomes (Altamemi et al. 2014; Rahal et al. 2012; Shi
et al. 2017; Yao et al. 2015; Yulug et al. 2015).

3.3.2 Epigallocatechin Gallate

The most popular global beverage, tea, is made from the dried leaves of the plant
Camellia sinensis. Green tea encompasses 20% of the global tea consumption. It is
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usually prepared by steaming or panfrying the leaves; subsequently, these leaves are
dried to inactivate enzymes to preserve the tea constituents from the oxidation. This
process helps to preserve the distinctive polyphenols of the green tea, viz., catechins.
Almost 250-375-mg catechins are present in a typical cup of brewed green tea.
Majorly, these catechins include epicatechin (EC), epicatechin-3-gallate (ECG),
epigallocatechin (EGC), and epigallocatechin-3-gallate (EGCG). EGCG is the
most abundant and most biologically active catechin found in green tea. Peak plasma
levels of EGCG reach a maximum concentration of 1 pM after 1.5-2 h of green tea
consumption and have an elimination half-life of 5 h in humans. High doses of
EGCG (525 mg) supplements on oral administration resulted in a peak plasma
concentration of 4.4 pM, while 1600 mg of EGCG resulted in a peak concentration
of 7.4 and 9 pM on administration of 2000-mg EGCG. EGCG is well distributed
throughout the body, viz., the digestive tract, blood, brain, liver, kidney, and spleen,
among others, and ~80% of EGCG occurs in free form in plasma. Interestingly, other
catechins are found in highly conjugated forms like conjugation with glucuronic acid
and/or sulfate groups. Tea catechins undergo intestinal and hepatic metabolism and
undergo glucuronidation, salvation, methylation, and ring fission by the intestinal
microflora. Excretion of EGCG occurs through the bile into the feces, while EGC
and EC are eliminated through both bile and urine (Pae and Wu 2013). Japanese Zen
monk Eisai published a book in 1211, entitled Kissa Youjouki (meaning “promotion
of health by tea”) and described the benefits of tea as “tea is a marvelous preventive
medicine to maintain people’s health and has an extraordinary power to prolong
life.” Undeniably, recent scientific evidence supports the benefits of green tea for
health promotion (Hayakawa et al. 2016). Anti-inflammatory properties along with
the ability to modulate immunity enables catechins to exert protective effects against
various diseases such as cancer, obesity, diabetes, arteriosclerosis, neurodegenera-
tive diseases, tooth decay, hepatitis, allergy, and bacterial and viral infections.
EGCG has been found to alter immune function of the body predominantly T-cell-
related activities such as T-cell activation, proliferation, and differentiation into
different subsets of effector cells, both innate and adaptive (Pae and Wu 2013). In
an in vitro test, EGCG supplementation reduced the neutrophil migration induced by
chemokine IL-8 in a dose-dependent manner with an IC50 of >1 mM (Dona et al.
2003) and that of cytokine-induced neutrophil chemoattractant-1 at a dose of 15 mg
ml~" or higher (Takano et al. 2004). Also, suppression of neutrophil recruitment
independent of chemokine level at the inflammation site in an ovalbumin-induced rat
allergic inflammation model was observed on oral administration of EGCG
(1 mg/rat). Oral gavage of 2% green tea was found to inhibit proteolytic enzymes
such as neutrophil elastase both in vitro (Sartor et al. 2002) and in vivo (Chan et al.
2012) indicative of an anti-proteolytic activity of EGCG on neutrophils. All these
effects of EGCG on the neutrophils suggest its protective effect in preventing
inflammation and inflammation-induced tissue damage (Pae and Wu 2013). EGCG
also prevents chemokine monocyte chemotactic protein-1 (MCP-1)-induced mono-
cyte migration and its adhesion to fibronectin in the human monocyte cell line,
THP-1, by obstructing 1 integrin activation. Monocyte chemotaxis is facilitated by
two key mediators, viz., MCP-1 secretion and its receptor (CCR2) expression. FCG
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has been found to reduce the MCP-1 secretion (Melgarejo et al. 2009). ECGC has
been found to modulate a number of inflammatory cytokines and cells involved in
their production. EGCG has been reported to inhibit TNF-a, IL-1f, and IL-6
production in various cell lines in vitro, viz., human monocyte cell lines (U937,31
THP-1) (Singh et al. 2005; Choi et al. 2009; Wu et al. 2009a, b), murine macrophage
cell lines (J774.1 (Ichikawa et al. 2004), RAW 264.7 (Yang et al. 1998), and primary
mouse macrophages (Choi et al. 2009)). Further, EGCG has also been shown to
inhibit pro-inflammatory gene expression in LPS-stimulated bone marrow-derived
macrophages including IL-6, IL-12p40, MCP-1, ICAM-1, and VCAM-1 (Joo et al.
2012). Suppression of NF-kB by EGCG has been reported to be the underlying cause
for all these effects (Joo et al. 2012). Another important immune cells that are
involved in the presentation of antigens are dendritic cells. Dendritic cells are the
cells bridging the innate and adaptive immunity. EGCG retards dendritic cell
maturation which ultimately leads to impaired functionality as antigen-presenting
cells (APC) to induce antigen-specific T-cell-mediated response (Ahn et al. 2004).
Also, EGCG increases IL-10 production in mature dendritic cells. IL-10 is an
inhibitor of dendritic cell differentiation and function. These effects of EGCG on
dendritic cells suggest the protective effect of EGCG in autoimmune diseases. Mast
cells are another cell involved in the innate immunity which is activated on exposure
to allergen like bacteria, etc. These cells further produce cytokines to aid the adaptive
immunity. It has been reported that EGCG inhibits the degranulation that results in
the release of histamine upon stimulation by an IgE-antigen complex (Matsuo et al.
1997). Dietary supplementation of EGCG has been found to suppress the T-cell
proliferation. The ability of T cells to proliferate reflects the immunocompetence of
an individual. It has been shown that Con A-induced splenocyte T-cell proliferation
is inhibited by EGCG at a dose of 25 mg ml~' (55 mM) and higher via T-cell
mitogen concanavalin A (Wilasrusmee et al. 2002). EGCG has been reported to
greatly diminish T-cell proliferation by affecting both T cells and APC (Pae and Wu
2013). Survival, expansion, and differentiation of T cells are regulated via IL-15,
IL-7, and IL-2. EGCG induces the downstream signaling of these receptors and
thereby inhibits their expression. This eventually results in suppression of T-cell
proliferation and its effector function (Shim et al. 2008). Further, EGCG has been
reported to inhibit Thl, Th9, and Th17 differentiation while promoting the Treg
development. This affects the differentiation of CD4+ T cells, thus further strength-
ening the fact that EGCG can be effectively used in autoimmune diseases (Pae and
Wu 2013). Drinking green tea phenols protects against UV-induced immunosup-
pression by suppressing local and systemic contact hypersensitivity. Further,
UV-induced DNA damage repairing was hastened by green tea phenols along with
high levels of nucleotide excision repair genes in mice (Khan et al. 2013).

All these studies clearly suggest that ECGC modulates the immune function, both
innate and adaptive immunity and inflammatory responses by altering various
immune cell functions. Essentially, ECGC is an anti-inflammatory and T-cell pro-
liferation inhibitor agent, thereby modulating immune functionality. Although most
of the studies have been carried out in murine models, these findings need to be
validated in human volunteers.
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3.3.3 Gingerol

Ginger (Zingiber officinale Rosc.) belonging to the family Zingiberaceae is a native
of Southeast Asia. It is widely used in Indian food as a spice and condiment. Apart
from being used in food, the rhizome of ginger has therapeutic utility which is
attributed to its rich phytochemistry. Ginger contains more than 60 compounds in
that can be categorized into two categories, i.e., volatile and nonvolatile constituents.
Volatile constituent includes sesquiterpene and monoterpenoid hydrocarbons that
give distinct aroma and taste to ginger, while nonvolatile pungent constituents are
gingerols, shogaols, paradols, and zingerone. Zingerones are converted to gingerols
or shogaols by thermal degradation (Butt and Sultan 2011). Gingerols are of major
importance and are homologous series of phenols that differ in their unbranched
alkyl chain length. On drying ginger, gingerols are converted to shogaols. Of the
different kinds of gingerols, 6- and 8-gingerol are of prime importance. Majority of
the medicinal properties of ginger have been ascribed to 6-gingerol. 6-gingerol has
antioxidant properties and suppresses the production of pro-inflammatory cytokines,
namely, TNF-a, IL-1, and IL-12 from macrophages (Williams et al. 2007). Treat-
ment with 6-gingerol in tumor-bearing mice has shown a massive increase in the
infiltration of tumor-reactive lymphocytes (Ju et al. 2012). In various tumor cell
lines, viz., OSCC and cervical HeLa, 6-gingerol has shown antiproliferative effect
by induction (Kapoor et al. 2016). Further, 6-gingerol has also exhibited inhibitory
effect on COX-2 expression by downregulation of p38 MAPK and NF-xB in vivo.
Additionally, an antimetastasis effect on lung B16F10 melanoma in an animal model
was shown by 6-gingerol (Kim et al. 2005). 8-gingerol has been found to be capable
of simultaneously inhibiting the humoral as well as cellular immune responses in
mice through B- and T-cell activation suppression (Lu et al. 2011). However,
detailed studies are needed to reinforce the utility of gingerols as immunosuppres-
sive agents.

3.3.4 Quercetin

Quercetin (3,3,4',5,7-pentahydroxyflavone) is a polyphenolic secondary plant
metabolite commonly found in fruits and vegetables. It is the most abundant
flavonoid and largely a part of diet. Onions, broccoli, apples, berry crops, and grapes,
few herbs, tea, and wine are the major dietary sources (Mlcek et al. 2016). It is
known to prevent cancer and cardiovascular and neurodegenerative disorders
(Ay et al. 2016). Apart from being immunomodulator, it displays wide array of
activities, viz., antioxidant, antidiabetic, anticancer, anti-inflammatory, antiplatelet,
antiapoptotic, nephoprotective, gastroprotective, angioprotective, cardioprotective,
and chondroprotective properties (Kawabata et al. 2015; Shebeko et al. 2018).
Major cellular signaling pathways regulated by quercetin to exert various thera-
peutic roles are apoptosis, cell cycle arrest, NF-kB pathway, MAPK pathway, PI3K-
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AKT pathway, and mTOR (Sharma et al. 2018). It lowers Th1-lymphocyte differ-
entiation, thereby reducing levels of cytokines and factors like IL-1f, IL-4, IL-6,
IL-10, IL-12, IL-25, IL-33, MCP-1, NF-kB, VEGF-A, COX-2, 5-LOX, iNOS, NO,
CRP, TNF-a, TNFy, and IgE along with lowering expression of VCAM-1, ICAM-1,
and MIP-2 (Burmanczuk et al. 2018).

Transcription factors of nuclear factor-kappa B family are mainly involved in the
regulation of adaptive immune response, inflammation, lymphopoiesis, and osteo-
genesis. Quercetin helped improve conspicuously TNF-a, TRAF-2, TNFRSFI1B,
NF-xBp65, and IFN-y while lowering expression when fed to healthy Arbor Acre
broilers as a part of diet (Yang et al. 2020). During high-throughput screening of
immunoregulatory activity of natural products in human umbilical cord blood
mononuclear cells, quercetin displayed immunostimulatory effect. It reduced the
CD3 expression of T cells and induced CD34 expression of stem cells (Chen et al.
2006).

Cellular immunity is promoted by cytokines IL-2, IFN gamma, and IL-12 derived
by Thl, while humoral immunity is promoted by IL-4, IL-5, and IL-6 derived by
Th-2. Quercetin interacts with both these pathways to exhibit antiviral and antitumor
activities. Quercetin upregulates IFN gamma and downregulates IL-4 and acts as
immunostimulant (Nair et al. 2002). Recently, quercetin was seen to significantly
increase type I interferon-regulated genes and type I and II interferon and signifi-
cantly decrease pro- and anti-inflammatory cytokine expressions in macrophages
derived out of highly pathogenic porcine reproductive and respiratory syndrome
virus infection (Ruansit and Charerntantanakul 2020).

Apart from being immunostimulant, it possesses strong adjuvant potential as
evident by increased ovalbumin-specific serum IgG1 antibody titers indicative of
boosted humoral immune response in ovalbumin immunized Balb/c mice. It
enhanced infiltration of CD1lc+ dendritic cells in the mouse peritoneum, and
elevated levels of LPS activated IL-1b and nitric oxide by peritoneal macrophages.
It also increased expression of Tbx21, GATA-3, and Oct-2 proteins in splenocytes.
Unlike other plant-derived molecules, it does not show hemolysis in human RBCs
dictating safety for in vivo administration (Singh et al. 2017). Quercetin exhibits
leishmanicidal activity, and being potent, it is the most attractive lead among
flavonoids. It induces reactive oxygen species generation in L. amazonensis-infected
macrophages (Naman et al. 2018), upregulates inhibition of TNF-a in phagocyte
migration, and suppresses L. major-induced apoptosis delay in vivo. It exerts weak
control on NF-kB level and induces cell death by apoptosis and necrosis (Belkhelfa-
Slimani and Djerdjouri 2017). Besides upregulation of Nrf2/HO-1 expression, it
depleted labile iron store-infected macrophages hampering L. braziliensis replication
(Cataneo et al. 2019).

Quercetin, however, had no effect on antibody production and did not alter white
blood cell counts in the lambs as a consequence of road transport but protected the
ruminal mucosa against the development of parakeratosis (Benavides et al. 2013).
Quercetin along with melatonin is more effective in protecting lungs against hypoxic
damage via downregulation of immuno-inflammatory mediators (TNF-a, IL-6, and
CRP) and heat-shock protein expression vascular endothelial growth factor (VEGF,
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HSP70) (Al-Rasheed et al. 2017). Suppression of c-met and VEGF by liposomal
quercetin in the Ecal09/9706 cells has been confirmed by using immunohistochem-
istry assay and Western blotting (Pei et al. 2009). Quercetin is known to stabilize
hypoxia-inducible factor (HIF)-la under normal oxygen pressure because of its
ability to bind iron intracellularly leading to decreased iron stores in the cells and
also downregulate HIF-1 transcriptional activity by impairing the phosphorylation
and nuclear accumulation (Triantafyllou et al. 2008).

Quercetin reduced expression of all inflammation-related cytokines and transcrip-
tion factors (IL-1b, IL-6, IL-8, IL-10 and TNF-a, NF-xB) of LPS-stimulated THP-1
macrophages, other than COX-2 (Chanput et al. 2010). Concentration of milk
leukocytes, also known as somatic cell count (SCC), is a key indicator of mastitis
in dairy animals (Rainard et al. 2018). In cows with clinical mastitis, quercetin was
found to significantly reduce somatic cell count after treatment for a week. However,
due to intramammary administration of quercetin, no general effect on the immune
system was seen; particularly no effect was seen on TNF-a (Burmanczuk et al.
2018). Recently, the role of quercetin in treating allergic inflammation was demon-
strated as it inhibited ovalbumin-induced allergic conjunctivitis in 16 C57BL/6 mice.
Quercetin was found to inhibit DNP-HSA/IE induced Ca2+ 3 influx, MC degran-
ulation, 4 and chemokine release in LAD2 cells. Also, DNP-HSA/IgE induced
Lyn/PLCy/TP3R-Ca2+ 5 and Lyn/ERK1/2; Lyn/NF-xB activation was inhibited
(Ding et al. 2020). Anti-allergic action of quercetin is attributed to inhibition of
enzymes, inflammatory mediators, and human mast cell activation via inhibition of
Ca2+ influx, histamine, leukotrienes, and prostaglandin release (Mlcek et al. 2016).
Quercetin was found effective in allergic rhinitis, elevating the production of an
endogenous antioxidant protein and immunomodulator “thioredoxin” and
suppressing oxidative stress responses in nasal mucosa (Edo et al. 2018).

Potential beneficial allo-herbal combination effect was observed when quercetin
was tested in combination with sitagliptin for streptozotocin-induced diabetes
mellitus in rats. The duo-regulated serum C-peptide, malondialdehyde, significantly
raised superoxide dismutase and glutathione and decreased nuclear factor kappa B
more than standalone treatment (Eitah et al. 2019). Quercetin-3-O-f-p-glucuronide
is a major metabolite of quercetin in the human body that might be responsible for
beneficial effects of quercetin (Kawabata et al. 2015). Isoquercetin (quercetin-3-
glucoside) which is a glycoside derivative of quercetin was found to reduce
ultraviolet-A radiation-induced damage in living skin equivalent cultures via reduc-
tion in 8-hydroxy-2’-deoxyguanosine, TdT-mediated dUTP nick-end labeling, and
IL-1 o that too are more effective than hesperetin (Dekker et al. 2005). Another
glycosylated quercetin, i.e., quercetin 3-O-xyloside, was found more effective than
quercetin in activating redox-dependent ASK1/MAPK/NF-kB signaling pathway in
murine macrophage cell line RAW 264.7 resulting in secretion of TNF-a and IL-6
early innate immunity hinting its immunostimulator potential (Lee et al. 2016). A
new quercetin glycoside (3'-methoxy-3-0-(4"-acetylrhamnoside)-7-
O-a-rhamnoside) isolated from Cleome droserifolia showed significant antitumor
activity in triple-negative breast cancer. It showed a dose-dependent decrease in
MDA-MB-231 proliferation and viability through stimulation of TP53, repression of
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its downstream miR 155, and sevenfold and twofold upregulation of MHC class 1
polypeptide sequence A and UL-16 binding protein 2, respectively (Abdel-Latif
et al. 2019).

3.3.5 Curcumin

A potent antioxidant and anti-inflammatory polyphenol curcumin is most exten-
sively studied for immunomodulatory activities. Curcumin is one of the constituents
of curcuminoids, a fraction isolated from rhizomes of Curcuma longa. The other two
compounds in curcuminoids are demethoxycurcumin and bisdemethoxycurcumin,
and all have potential therapeutic activities (Upadhyaya et al. 2009a, b; Bose et al.
2015; Kesharwani et al. 2015). As an anticancer agent, curcumin recognizes and
elicits specific immune response to eradicate neoplastic cells from the host body. It
regulates several molecules in cell signal transduction and downregulates several
invasions, cell adhesion, and extracellular matrix molecules which are essential for
sustaining metastasis (Shehzad and Lee 2013). Various mechanistic pathways are
proven for its immunomodulatory effect of curcumin. Curcumin activates
proliferator-activated receptor-y (PPAR-y) and regulates various biochemical path-
ways in controlling the inflammatory responses (Fig. 3.3) (Mazidi et al. 2016;
Upadhyaya et al. 2009a, b; Singh et al. 2015a, b, c; Kesharwani et al. 2018).
PPAR proteins function within the cell nuclei; control metabolism, development,
and homeostasis; and play an important role in cell growth, differentiation, insulin
sensitivity, inflammatory response, reproduction, and adipogenesis (Wu et al.
2009b). Inflammatory pathways of curcumin suggest that the effect is achieved
mostly through the downregulation of NF-kB (Shishodia 2013). Narala et al.
(2009) suggested that PPAR-y-mediated effects of curcumin are indirect and medi-
ated through endogenous ligands. By inhibiting PPAR-y-mediated epithelial-
mesenchymal transition, curcumin prevents intestinal fibrotic stricture which is a
major complication of Crohn’s disease (Xu et al. 2017) and also activates hepatic
stellate cells to prevent fibrosis of the liver (Mazidi et al. 2016). Curcumin inhibited
epithelial-mesenchymal transition, reduced expression of a-SMA and PAI-1, and
increased E-cadherin in n renal tubular epithelial cells, thus preventing
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Fig. 3.3 Mechanism of immunomodulatory action of curcumin through PPAR-y
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tubulointerstitial fibrosis in renal disease (Li et al. 2013). In case of progressive and
irreversible pulmonary fibrosis, a distinctive form of chronic interstitial pneumonia,
curcumin triggered the expression of nuclear peroxisome PPAR-y, upregulated
cathepsin B and cathepsin L, and downregulated cystatin C (Saidi et al. 2019).

Recently, the role of curcumin on induction, expression, and production of anti-
inflammatory cytokine IL-10 was studied (Mollazadeh et al. 2019). IL-10 plays an
important role in the prevention of infection-related tissue damage and curcumin-
alleviated coccidioidal infection in naturally infected lambs by downregulating
pro-inflammatory cytokines, i.e., IFN-y, and increasing IL-10 (Cervantes-Valencia
et al. 2016).

By reducing the expression of iNOS, IFN-y, and TNF-a, curcumin showed its
effect on adaptive immunity in Leishmania infection model (Adapala and Chan
2008). It activated PPAR-y and deactivated type 1 response.

Curcumin inhibits JAK/STAT signaling by reducing IL-10 levels and increases
tumor apoptosis (Shiri et al. 2015). The anticancer activity of curcumin is by
blocking the tumor-induced T-cell depletion by increasing the production of IFN-y
and IL-2. Several mechanisms, responsible for the potential antitumor activity of
curcumin, proposed were restoration of activated/effector CD+4 and CD+8 T cells,
secretion of IFN-y, augmentation of tumor-infiltrating lymphocytes, and
upregulation of IFN-y mRNA expression (Bhattacharyya et al. 2010).

In a hamster model of accelerated atherosclerosis, curcuma oil, i.e., lipophilic
fraction from turmeric, attenuated inflammation and arterial injury (Singh et al.
2015a, b, ¢). It also increased IL-10 and TGF- mRNA expression in atherosclerotic
arteries and decreased mRNA expression of pro-inflammatory cytokines, namely,
TNF-a, IL-6, IL-1p, and IFN-y. Curcuma oil-treated animals showed increased
IL-10 expression in peritoneal macrophages. Curcumin also regulates the expression
of genes implicated in tumor cell proliferation, metastasis, and angiogenesis. Phys-
iological and pathological angiogenesis is governed by endothelial progenitor cells.
Therefore, Vyas et al. (2015) studied the effect of curcumin on the growth properties
of circulating endothelial progenitor cells and showed that curcumin inhibits cell
growth by inhibiting the G1 to S phase transition in the cell cycle.

Low serum IL-10 and high serum TNF-a and IL-12 concentrations observed in
intestinal colitis are very well normalized by curcumin, thus reducing the disease
severity (Sreedhar et al. 2016). In small intestine inflammation, mice model of
hyper-acute Thl-type ileitis following peroral infection with Toxoplasma gondii,
curcumin, as well resveratrol downregulated Th1-type immune responses (Bereswill
et al. 2010). Significant increase in anti-inflammatory IL-10 in the ileum, mesenteric
lymph nodes, and spleen was observed, whereas pro-inflammatory cytokine expres-
sions, namely, IL-23p19, IFN-y, TNF-a, IL-6, and MCP-1, were significantly
lowered in the ileum of treated animals. Curcumin, 50 mg/kg daily, by oral route
decreased serum lactic acid dehydrogenase, IL-1p, and TNF-a levels, as well as
colonic myeloperoxidase and lipid peroxide levels, and increased colonic prosta-
glandin E2 and IL-10 in acetic acid colitis model (Gopu et al. 2015). Lelli et al.
(2017) reviewed the application of curcumin in pulmonary diseases showing abnor-
mal inflammatory responses, like asthma or chronic obstructive pulmonary disease,
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acute respiratory distress syndrome, pulmonary fibrosis, and acute lung injury.
Curcumin has pleiotropic effects, regulating transcription factor NF-xB, cytokine
IL-6, TNF-alpha, adhesion molecule ICAM-1, and matrix metalloproteases, and thus
is beneficial in inflammatory lung diseases and cancer (Singh et al. 2015a).
Non-neuronal cells such as glial cells play a critical role in the pathogenesis of
chronic pain, and curcumin reduces chronic pain by blocking neuroinflammation
(Chen et al. 2015). A new application of curcumin, i.e., intrathecal injection for the
treatment of arthritic pain, was proven in complete Freund’s adjuvant injection-
induced arthritis model. Curcumin treatment efficiently reduced IL-13, MCP-1, and
monocyte inflammatory protein-1la in the spinal cord and showed similar effect in
LPS-stimulated cultured astrocytes and microglia. In hind-paw incision model with
C57BL/6 mice, curcumin, 50 mg/kg, significantly reduced the intensity of mechan-
ical and heat sensitization (Sahbaie et al. 2014). In this experiment, the effectiveness
of curcumin in reducing the pain and inflammation was due to the increase of TGF-f.
In progressive neurodegenerative inflammatory disorders like Parkinson’s dis-
ease and Alzheimer’s disease, curcumin exhibited neuroprotective actions. Wang
et al. (2017) carried out systematic literature review of experiments performed on
neuroprotective actions of curcumin in toxin-base animal models of Parkinson’s
disease (Singh et al. 2014). Curcumin showed protection of substantia nigra neurons
and improvement in striatal dopamine levels through anti-inflammatory and antiox-
idant actions. The ability of curcumin to upregulate IL-10, a potent anti-
inflammatory cytokine, limits the inducible nitric oxide synthase gene expression,
thus reducing the production of neurotoxic nitric oxide. Even in chronic inflamma-
tory autoimmune disease like systemic lupus erythematosus, curcumin showed
protective effect by inhibiting maturation of immature dendritic cells, differentiation
of naive CD4+ T cells into Th17 and Thl cells via inhibition of IL-6 and IL-12
production, and also reduction of IFN-y production (Momtazi-Borojeni et al. 2018).

3.3.6 Genistein and Daidezin

Isoflavones are plant-derived nonsteroidal polyphenolic compounds representing
most common phytoestrogens, i.e., plant-based compounds resembling vertebrate
steroids, e.g., 17-p-estradiol. Phytoestrogens are broadly classified as flavonoids and
non-flavonoids. Flavonoids include isoflavones, coumestans, and prenylflavonoids,
and non-flavonoids include lignans. Isoflavones are considered as phytoestrogens by
virtue of their estrogen receptor-binding ability. Genistein, daidzein, glycitein,
biochanin A, and formononetin are important isoflavone phytoestrogens (Krizova
et al. 2019). Isoflavones have numerous health benefits such as prevention of
hormone-related cancers, cardiovascular disease, osteoporosis, and hormone
replacement therapy and improving cognitive function (Ko 2014). Specific
isoflavones have also shown remarkable biological effects, viz., genistein as antiox-
idant, anticancer, cardiovascular, and antidiabetic; daidzein as antioxidant,
antiosteoporotic, and immunostimulator; formononetin as cardiovascular,



3 Immunoregulatory Bioactive Phytoconstituents: Recent Trends and. . . 95

antioxidant, and estrogenic; biochanin A as anti-inflammatory, antiproliferative,
antioxidant, antiviral, and anticancer; and glycitein as anti-inflammatory (Niaz and
Khan 2020).

Genistein, 4',5,7-trihydroxyisoflavone, is a tyrosine kinase inhibitor abundant in
soy products such as soybeans. It is one of the promising and innovative
phytoconstituents for the treatment of cancer, osteoporosis, cardiovascular diseases,
and menopause exhibiting multifaceted action within the live cell and very low
toxicity (Ganai and Farooqi 2015; Polkowski and Mazurek 2000).

Genistein suppresses both the cell-mediated and humoral components of the
adaptive immune system as indicated by reduction in the number of developing
CD4+ and CD8+ thymocytes (Ganai and Farooqi 2015). It also inhibits tyrosine
kinase which is required for NK cell activation (Burkard et al. 2017). Masilamani
et al. (2012) has extensively reviewed the role of isoflavones such as genistein,
daidzein, glycitein, and their metabolites in regulating immune response. In phar-
macological doses, isoflavones particularly genistein exert protective effects over
tight junctions between intestinal epithelial cells and the mucosal barrier helping
cure inflammation conditions. Being phytoestrogens, isoflavones regulate dendritic
cells and downregulate TLR-dependent IL-6 expression. Genistein inhibited NF-kB-
dependent gene expression by stimulating p53 expression. In addition, genistein
suppressed MHC class II molecules. Inhibition of NK cell cytotoxicity and IgE
signaling are other noticeable effects. These effects are varied depending on their
cellular targets and also affected by the nature of the experimental setup, strain of the
animal used, and dose and duration of isoflavone treatments. Readers are strongly
urged to refer the text by Masilamani et al. (2012) for detailed account on the effect
of isoflavones on various cells and tissues of the immune system.

Genistein exerts anticancer effects in different types of cancers via cell cycle
arrest, apoptosis, antiangiogenesis, and antimetastasis. It acts via molecular targets
such as caspases, B-cell lymphoma 2, Bcl-2-associated X protein, NF-kB,
phosphoinositide 3-kinase/Akt, extracellular signal-regulated kinase 1/2, mitogen-
activated protein kinase, and Wingless/integration 1/f-catenin signaling pathway
(Tuli et al. 2019). Immunomodulatory effect of genistein has surfaced in a mouse
model of human papillomavirus-associated cervical cancer with significant increase
in lymphocyte proliferation, release of lactase dehydrogenase, and significant incre-
ment in IFN-y (Ghaemi et al. 2012).

Antitumor activity of genistein is very well studied in prostate cancer, hepatoma
cancer, and pancreatic and lung cancer. Anticancer effect is seen via induction of
apoptosis through activation of caspase-3 and downregulation of antiapoptotic Bcl-2
and Bcl-XL family. Induction of G2/M cell cycle arrest by inhibition of AKT
phosphorylation and Cdc2 kinase, antiangiogenesis, and antimetastasis are also
observe. Genistein is also helpful as an adjuvant with other anticancer drugs such
as S5-flurouracil, all-trans retinoic acid, and trichostatin A (Mohamed et al. 2017).

Genistein can also be combined with antiretroviral drugs for inhibiting HIV
infection and HIV-related oxidative stress. It inhibits stromal cell-derived factor
1, HIV-mediated chemotactic signaling, and HIV infection of cultured blood T
cells and macrophages (Guo and Wu 2018).
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Genistein reduces inflammation and enhances Th1/Th2 cytokine-mediated
responses mainly via IFN-y and IL-10, IL-4, and IL-5 in rheumatoid arthritis and
allergic asthma (Gandhi et al. 2018). Genistein being immunomodulator, phytoes-
trogen, and kinase inhibitor showed benefits as prophylactic antiviral drug against
arenaviral hemorrhagic fever in the Syrian golden hamster (Vela et al. 2010).

Desmethylangolensin and equol are two major bioactive metabolites of
isoflavones. Peripheral blood mononuclear cells pretreated with genistein and
equol reduce IL-12/IL-18-induced IFN-y production by natural killer cells without
consistently affecting cytotoxicity (Mace et al. 2019).

Daidzein is known to enhance animal resistance to heat stress and regulate animal
immunocompetence. It was found to raise serum IgG and IFN-a significantly upon
supplementation through diet to the cows in late lactation (Liu et al. 2014). Daidzein
significantly decreased the B-cell population (represented by CD3TgM™) and
increased the T-cell populations (represented by CD3*IgM, CD4*CD8~, and
CD4 CD8%) in hybrid B6C3F1 and inbred type 1 diabetes-prone nonobese diabetic
mice (Huang et al. 2019). Daidzein supplementation to broiler breeder hens helps
improve immune function in offsprings visa increase in B cells and CD4+T/CD8+T
386 ratio as well as the proliferative response of B cells, but no effect was seen on T
lymphocytes of the offspring (Fan et al. 2018).

Recently, daidzein attenuated lipopolysaccharide-induced hepatic liver injury. It
was found to reduce ALT and AST expressions, reactive oxygen species, IL-1p, IL-6,
and TNF-a with no cytotoxicity. Inhibition of p-ERK1/2, p-IkBa, and p-p65 expres-
sion, in addition to downregulating Keap-1, and upregulating Nrf2 expression were
revealed (Yu et al. 2020).

The duo genistein and daidzein were found to slow down aging processes by
affecting immune processes. Genistein reduced vitellogenin expression and also
resistance versus P. luminescens, whereas daidzein increased resistance versus the
pathogen in a vitellogenin-dependent manner (Fischer et al. 2012).

Glucosylated derivatives of isoflavones such as glycitein 7-O-p-glucoside,
glycitein 7-O-f-maltoside, and daidzein 7-O-B-glucoside inhibited the production
of IgE antibody in rats against 7S-globulin as antigen (Shimoda and Hamada 2010).
Ethyl acetate extract of Cordyceps militaris rich in isoflavones (genistein, daidzein)
and their derivatives (genistein 7-O-B-p-glucoside 4”-O-methylate, genistein
4'-0-p-p-glucoside 4”-O-methylate, glycitein 7-O-B-p-glucoside 4”-O-methylate,
daidzein 7-O-p-p-glucoside 4”-O-methylate and adenosine) showed significant
antiallergic effect by inhibition of antigen-induced degranulation in RBL-2H3
cells and passive cutaneous anaphylaxis along with reduction of IL-4 and TNF-a .
In mast cells, inhibition of phosphorylation of Syk, ERK, p38, and JNK expression
was seen (Oh et al. 2011).

Other prominent isoflavones exerting immunomodulatory functions include
isonigricin and isoirisolidone (Nazir 2013).
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3.4 Concluding Remarks

The immune system is the most sensitive, however equally efficient integrated
functioning of numerous cells and biochemicals developed by these cells to maintain
the homeostasis and preserve the integrity of the organism against external harmful
stress stimuli. The systematic functioning of the immune system and the balance
between all chemicals are essential to the occurrence of any disease or disorder. To
date, evidence from literature highlights an increase in immunological diseases
because of change in lifestyle, and a great attention has been focused on the
development of molecules to modulate the immune response. There is continuously
increasing upward surge of demand for new effective therapies all over the world for
safe and effective treatments, and researchers are always exploring new avenues for
the same. One exciting strategy is the use of herbal medicines as their use in
traditional medicine for their properties and health benefits are well recognized
and established with safety, since ancient times. Natural products have a wide
range of diversity of multidimensional chemical structures; in the meantime, the
utility of natural products as biological function modifiers has also raised consider-
able attention and interest. Apart from versatility, safe and cost-effective therapy and
abundant availability are the added advantage of phytochemicals. Scientists have
successfully used isolated natural products and combinatorial chemistry in the
discovery of new drugs. Despite developments in drug discovery technology, natural
products from plants and other biological sources remain an undiminished source of
new pharmaceuticals.

Even though great advancements are happening in the area of fundamental
molecular biology and pathophysiology, the use of phytopharmaceuticals in modern
medicine era is still in preclinical stage, with very few products successful in the
market. Despite having beneficial health effects, therapeutic applications of bioac-
tive phytoconstituents are not yet successful due to its poor solubility, short biolog-
ical half-life, rapid metabolism, and elimination. In order to achieve a maximum
benefit of phytochemicals as immunomodulators for antioxidant, anti-inflammatory,
antifibrotic, chemo-preventive agents and also for metabolic and neurological dis-
orders for human use, efforts should be focused to improve upon the solubility,
stability, and targeted delivery for improving the bioavailability. Additionally, the
toxicity associated with the high doses of phytochemicals required to achieve
desirable response needs to be reduced. Nanotechnological strategies may be used
to improve the bioavailability and targeting efficiency, thus reducing the dose
requirements.
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