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COVID-19 infected patients are being treated symptomatically. During the last few decades, a number of
polysaccharides with potential biological activities have been invented from Indian medicinal plants.
Many polysaccharides, such as sulfated xylomannan, xylan, pectins, fucoidans, glucans, glucoarabinan,
and arabinoxylan from Indian medicinal plants, have been shown to exhibit antiviral and

ggy\}Al/Sftlig immunomodulating activities. Plant polysaccharides exhibit antiviral activities through interference with
SARS-CoV-2 the viral life cycle and inhibition of attachment of virus to host cell. Intake of certain immune stimulating
Plant polysaccharides plant polysaccharides may also protect from the virus to a certain extent. In process of continuous search
Antiviral for most potent drug, Indian plant polysaccharides may emerge as significant biomaterial to combat
Immunomodulatory COVID-19. This review explores a number of polysaccharides from Indian medicinal plants which showed
antiviral and immunomodulating activities. It is aimed to provide an overview about the composition, mo-
lecular mass, branching configuration and related bioactivities of polysaccharides which is crucial for their

classification as possible drug to induce immune response in viral diseases.
© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

COVID-19 is an infectious disease caused by the recently identified
novel Coronavirus, SARS-CoV-2. This disease was unknown before the
outbreak in Wuhan, Hubei Province, China in December 2019 [1].
Fever, tiredness and coughing are the most common symptoms of
COVID-19. Some patients may have body aches, runny nose, loss of
smell and taste, sore throat, diarrhoea and in case of serious illness dif-
ficulty in breathing may develop [2,3]. Aged people and those with un-
derlying medical problems are more prone to develop serious illness.
The World Health Organization (WHO) has declared the COVID-19 as
a pandemic on 11 March 2020 signifying its severity and global spread.
The pandemic has infected millions of people of more than 200 coun-
tries in this short period of time. Human-to-human transmission of
the virus via respiratory droplets or via contact is accelerating the rate
of infection [4]. India becomes the new global epicenter of COVID pan-
demic due to recent increase of daily cases of infection. On September
16, according to Johns Hopkins University Centre for Systems Science
and Engineering (JHU CCSE), India had a weekly average of over
95,000 new cases each day, higher than the United States and Brazil.
For every symptomatic COVID-19 patient, India has thirty asymptom-
atic patients according to the analysis of the confederation of medical
association of Asia and Oceania (CMAAO). Many infected patients re-
main asymptomatic may be either due to very small viral load or due
to better immunity strategy [5]. Several epidemiological models predict
that a large percentage of asymptomatic or mildly symptomatic people
will help to build up the herd immunity, the major way to control the
COVID-19 infection. It is obvious that the present healthcare system of
India will be strained if the number of COVID-19 patients suffering
from severe to critically ill situation increases continuously. Two antivi-
ral drugs namely, remdesivir and favipravir are reported to reduce viral
load but it is not true that all those taking these drugs will recover [6].
According to the very recent report [7], feline coronavirus drug (GC
376) inhibits the main protease of SARS-CoV-2 and blocks virus replica-
tion. While several drug trials are ongoing, there is currently no clear ev-
idence that these antiviral drugs can cure COVID-19. Until a vaccine
against COVID-19 will be made available, induction of new antiviral
drugs for COVID-19 treatment and introduction of immunostimulating
materials in regular diet as infection prevention measures will remain
at the forefront.

India is sitting on gold mine of well recorded and traditionally well-
practiced knowledge of herbal medicine [8,9]. Several systems of tradi-
tional medicine such as Ayurveda, Yoga, Unani, Siddha and Homeopa-
thy are being practiced for years together in India [10]. The Ministry of
AYUSH, Government of India recommended four medicinal herbs,
Tulsi (Ocimum sanctum), Dalchini (Cinnamomum zeylanicum), Sunthi
(Zingiber officinale), and Krishna Marich (Piper nigrum) to boost the
body’s first line of defence against COVID-19 [11]. Tamam, Abd-el-
Hamid, Samah, & Marwa [12] reported antiviral and immunomodula-
tory activity of Cinnamomum zeylanicum oil against Newcastle disease
virus (NDV). Aqueous extract of medicinal plants are enriched with sev-
eral chemical compounds among which polysaccharides are the most
active elements [13]. Low toxicity, high molecular mass, branching con-
figuration and conformation of polysaccharides may become crucial for
generation of suitable immune response in the incident of pathogenic
invasion or other viral diseases. The present review will focus on immu-
nomodulatory and antiviral activities of plant polysaccharides from
Indian origin to explore the possibility of emergence of new biomaterial
for treatment of COVID-19.
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2. Methods

Many currently available literatures were reviewed for COVID-19 in-
fection and their impact on Indian medicinal plants caused by SARS-
CoV-2 at the time of writing the paper. The literature search was per-
formed using books, different websites, news bulletins, circulars, profes-
sional bodies like WHO, Health Ministry of India etc. The authors have
also collected data from different national and international reputed
journals. 73 papers have been used in this literature research. Given
the nature of the review, no ethical approval was required.

3. SARS-CoV-2 virus and its effect on different parts of human body

Coronaviruses (CoVs) are enveloped viruses with a single-stranded
RNA genome. CoVs have the largest genomes for RNA viruses having
the length of genome sizes ranging from 26 to 32 kilobases (kb) [14].
CoVs have been categorized into three groups: a-CoVs, 3-CoVs, and y-
CoVs based on genetic and antigenic criteria [15]. The viral disease
COVID-19 is caused due to the emergence of the novel SARS-CoV-2
that belonged to 3-CoVs genera [16]. Four major structural proteins
have been identified in SARS-CoV-2 including spike, nucleocapsid,
membrane, and envelope proteins (Fig. 1) [17]. The spike proteins of
the viruses bind to the angiotensin-converting enzyme 2 (ACE2) recep-
tors present in epithelium in the nose, mouth, lungs and thereby enter
into the human body [18]. The viruses affect mainly the upper respira-
tory tract (sinuses, nose, and throat) and lower respiratory tract (wind-
pipe and lungs) leading to the onset of respiratory tract infections.
SARS-CoV-2 has an effect on the major organ of the body including
the heart and blood vessels, kidneys, gut, and brain (Fig. 2). Anybody
from child to elder people may get COVID-19 infection, but serious ill-
ness are likely for those having weakened immune system due to one
or more pre-existing chronic diseases like HIV, cancer, kidney disease,
chronic obstructive pulmonary disease (COPD), coronary artery disease,
type 2 diabetes, liver diseases etc. [19-23]. In this context, natural im-
munity supplements are essential to build resilience in the body against
viral infections. According to a recently published report, bowel abnor-
malities were seen in a number of patients admitted with COVID-19 in-
fections which were more common to those kept in ICUs [24]. Non-
digestible carbohydrates which are commonly known as dietary fiber

Spike protein

Hemagglutinin-enterase

Membrane protein

Envelop protein

Nucleocapsid protein

Fig. 1. Schematic representation of the structure of SARS-CoV-2.
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Head

Increase in the body
temperature (fever),
headache

Lungs
Caugh and difficulty
in breathing

Chest

Pain and tightness
in the chest area

Stomach
Abdominal pain,
vomiting and
diarrhea

Toes and skin
Skin discoloration and
rashes on the toes and
fingers
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Nose

Partial or complete loss
of sense of smell (anosmia)

Throat

Sore throat

Heart

Can cause tiny clots
to build up in the blood

Kidneys
Kidney damage,
high level of protein
in the urine

Joints and muscles

Pain and stiffness in the joints
and muscles

Fig. 2. COVID-19 affects the major organs of the body.

have long been used in the treatment of several gastrointestinal condi-
tions; including assistance to regulate bowel movements [25].

4. Antiviral activities of some polysaccharides isolated from Indian
medicinal plants

Coronavirus infection has been emerged as one of the severe threats
to human health [1]. The key to tackling this pandemic is to invent new
therapeutic agents having immense antiviral potency and low toxicity.
Plant polysaccharides have now become a rich resource of potential
drugs due to their antiviral activities against various viruses [26]. Poly-
saccharides show antiviral activity mainly by inhibition of viral replica-
tion and viral binding to cell. The structural complexity and diversity of
plant polysaccharides contribute to the antiviral activities in different
phases of viral infection processes. Faccin-Galhardi et al. [26] reported
that two heteropolysaccharides (P1 and P2) were isolated from water
extraction of the leaves of medicinal plant Azadirachta indica and their
chemical sulfated derivatives (P1S and P2S) showed anti-polio virus
type 1 (PV-1) activity. P1 fraction (molecular mass of 80 kDa) contained
arabinose (47%), galactose (24%), glucose (15%), rhamnose (7%), xylose
(3%), mannose (3%) and trace amount of fucose (1%) units whereas the
P2 fraction contained 51% arabinose, and 26% galactose. The polysaccha-
rides exhibited significant antiviral activity with inhibitory concentra-
tions (ICsp) of 80 mg/mL, 37.5 mg/mL, 77.5 mg/mL, and 12.1 mg/mL
for P1, P1S, P2 and P2S, respectively. These results indicated that original
polysaccharides showed better antiviral activities than their sulfated de-
rivatives. Saha et al. [27] reported that P1 fraction and its sulfated deriv-
atives P1S showed anti-bovine herpesvirus type 1 (BoHV-1) activity.
The ICsq value of P1 fraction and its sulfated derivative (P1S) against
BoHV-1 are 105.25 and 1440 pg/mL, and 32.12 and > 1600 pg/mL, re-
spectively. Their selectivity indices (S.I.) were 13.6 and > 51.4, respec-
tively. These results also illustrated that P1 fraction was better as
antiviral agent than its derivatives. Neutral polysaccharide (RN), an
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acidic polysaccharide (RA) and a pectic polysaccharide (RP) were iso-
lated from the hot water extract of defatted aerial part of Portulaca
oleracea [28]. RN mainly composed of glucose (Glc) (40.1%), mannose
(Man) (38.8%), arabinose (Ara) (13.7%) and small amounts of galactose
(Gal) (5.3%). RA mainly composed of Ara (23.2%), Gal (67.0%), rham-
nose (Rha) (2.8%), xylose (Xyl) (2.9%) and glucuronic acid (GlcA)
(4.1%). RP mainly contained galacturonic acid (GalA) (67.8%), Gal
(11.3%) and GlcA (10.6%) with small amounts of Ara (5.8%) and Rha
(4.3%). Among the three polysaccharides, only RP showed significant
anti-HSV-2 activity with selectivity index (SI) of more than 20. Accord-
ing to the report of Mandal et al. [29], two antiviral polysaccharides,
namely, F1 and F2 fraction were isolated from water extract of Scinaia
hatei. F1 fraction contained mannose and a small amount of xylose,
whereas fraction F2 contained xylose only. Modified sulfated F1 fraction
had 0.4 sulfate groups per monomer unit and an average molecular
weight of 160 kDa. Crude extract SAWE and sulfated F1 exhibited strong
antiherpetic activity with inhibitory concentration 50% (ICso) values in
the range of 0.6 to 4.6 ug/mL. Sulfated xylomannans was more active
than the crude extract ShWE and it also showed higher efficiency than
heparin against all HSV strains. Mandal et al. [30] reported three sub-
fractions (F1, F2 and F3) from alkali-extract of Scinaia hatei and all of
them contained xylose as the major constituent sugar. The apparent
molecular mass of purified F2 fraction, a linear polysaccharide having
(1 - 4)-linked B-p-xylopyranosyl residues, was calculated to be 120
kDa. Sulfated derivatives (S1, S2, S3 and S4) of F2 fraction showed
strong anti-HSV activity with inhibitory concentration 50% (ICsq) rang-
ing in between 0.22 and 1.37 pg/mL. Sulfated fucan containing crude ex-
tract SMWE and fraction F3 were isolated from aqueous extract of
Stoechospermum marginatum and exhibited inhibition to herpes sim-
plex virus [31]. SmWE fraction contained fucose (91%) and a small
amount of xylose (3%), mannose (1%), galactose (3%), glucose (2%),
whereas fraction F3 contained fucose (96%) and a small amount of xy-
lose (2%), and galactose (2%). SmMWE was more active than F3 against
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HSV-1 (ECso 1.15 and 3.55 pg/mL, respectively) and equally active
against HSV-2 (ECso 0.78 pg/mL for SmWE and 0.63 ng/mL for F3).
Chattopadhyay et al. [32] reported isolation of crude polysaccharide
(GIWE) as well as one pure fraction (F3) from Grateloupia indica. Sul-
fated GIWE contained mostly galactose (94%) and small amounts of xy-
lose (2%), glucose (3%) and fucose (1%) residues whereas major sub-
fraction F3 contained more than 99% galactose neutral sugars. GIWE
and F3 were reported to be strong inhibitors of HSV-1 (F) and HSV-2
(MS), with values of ICsg ranging from 0.25 to 0.31 pg/mL. F3 was the
major fraction of Sphacelaria indica and had apparent molecular mass
of 26 + 5 kDa [33]. F3 contained fucose (65%), galactose (20%), xylose
(13%) and small amount of glucose (1%) and mannose (1%), which
also contained 3% (w/w) of uronic acid. The F3 and their chemically sul-
fated derivatives showed dose-dependent anti-herpes simplex virus
type 1 (HSV-1) activities with ICsq having the range of 0.6-10 pg/mL.
Sulfated galactan (WE2NGF, Au 2, and AAu 2) were isolated from the
cold water extraction of Gracilaria corticata and exhibited antiviral activ-
ity against herpes simplex virus types 1 and 2 [34]. WE2NGF shows
stronger antiviral activity (ICso values of 0.19 and 0.24 pg/mL for HSV-
1 and HSV-2, respectively) than heparin (ICso: 1.3 and 2.1 pg/mL for
HSV-1 and HSV-2, respectively) used as a standard. The fractions Au2
and AAu2 showed less antiviral activity against both herpes virus,
with ICs ranging from 27.5 to 50.0 pg/mL. The antiviral potency of the
sulfated polysaccharides depends on the sulfate content, the position
of sulfate group, the sugar composition, and the molar mass. Sulfated
galactans (GiWE and GiF3 from Grateloupia indica; GCWE and GcF3
from Gracilaria corticata), the fucans (Gi(WE and CiF3 from Cystoseira
indica; SmMWE and SmF3 from Stoechospermum marginatum), the
xylomannans (ShWE and ShF1 from Scinaia hatei) and the
heteropolysaccharide (CrHWE from Caulerpa racemosa) showed antivi-
ral activity against the four serotypes of dengue virus (DENV). The 50%
inhibitory concentration (ICsq) values of those polysaccharides against
DENV-2 were in the range of 0.12-20 pg/mL [35]. A a-(1 — 4)-linked
glucan and a fucoidan were isolated from Padina tetrastromatica [36].
Sulfated derivatives of this fucoidan (S1-S3), which contained 0.8-1.2
sulfate groups per monomer unit, showed antiviral activity against
HSV-1and HSV-2. Their 50% inhibitory concentration (ICsy) values var-
ied in the range 0.74-1.05 and 0.30-0.39 pg/mL against HSV-1 and
HSV-2, respectively. It was also examined that the sulfated fucoidans
were more efficient herpetic inhibitors than the standard compound
heparin. Bioactive polysaccharide (RMP) was isolated from the man-
grove plant Rhizophora mucronata and shows potent anti-human im-
munodeficiency virus activity [37]. RMP contained large amount of
neutral sugars and uronic acids. It showed concentration dependent
anti-HIV activity with the ECso value of 4.38 pug/mL. A polysaccharide
(RAP) extracted from the leaf of mangrove plant Rhizophora apiculata
showed anti-human and simian immunodeficiency virus's activities
[38]. It was composed mainly of galactose (47%) and other components
such as galactosamine (19%), glucose (17%) and arabinose (17%). RAP
showed concentration-dependent inhibition of HIV-1 or HIV-2 or SIV
replication within the ECso concentration range of 6.5 to 40.6 pg/mL.
RAP completely blocked the binding of HIV-1 to MT-4 cells at a concen-
tration of 100 pg/mL. RAP also reduced the formation of viral mRNA
when added before virus adsorption.

The major factors influencing the antiviral activities of polysaccha-
rides are sugar composition, molecular mass, branching configuration,
conformation and their chemical modification. Modern research reveals
that antiviral activity is mainly focused on low and high-molecular
weight plant polysaccharides. It has been found that the sulfated
galactofucan and glucuronomannan showed strong binding ability to
SARS-CoV-2 spike glycoproteins in comparison to heparin implying
structure specific activity. It was also found that the degree and position
of sulfate groups in sulfated polysaccharides influence its binding to the
viral proteins, thereby alter antiviral efficacy. Therefore, the above dis-
cussions are in agreement with the fact that the antiviral activities of
the polysaccharides vary both quantitatively and qualitatively
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Table 1
List of virus.

Name of virus Abbreviation

Poliovirus type 1 PV-1
Bovine herpesvirus type 1 BoHV-1
Herpes simplex virus type 1 HSV-1
Herpes simplex virus type 2 HSV-2
Dengue virus DENV
Human immunodeficiency virus HIV
Simian immunodeficiency virus SIV

depending on their structural variations. The resources, structural fea-
tures and antiviral activities of some important medicinal plant polysac-
charides of Indian origin were summarized in Tables 1 and 2.

5. Immunomodulatory activities of some important polysaccharides
isolated from Indian medicinal plants

Many pathogens invent routes to weaken the activation of leuko-
cytes. For example, the human immunodeficiency virus (HIV) hinders
with the Fc-a receptor signaling in human macrophages and inhibits
phagocytosis [40]. Under such conditions, an external agent may be
helpful to activate the immune system either by activating phagocytes
or by directly acting as polyclonal mitogens. Many such agents have
been identified from microbial origin like LPS [41], CpGDNA [42], and
monophosphoryl lipid A [43]. However, these agents have limited appli-
cation due to their toxicity. Plant derived polysaccharides have attracted
extensive attention as model immunomodulators due to their relatively
low toxicity and side effects as compared to those derived from micro-
bial origin [44]. A water soluble (1 — 4)-linked-o-D-glucan having rel-
ative molecular weight 70,000 Da was isolated from mature pods
(fruits) of Moringa oleifera (sajina) [45]. The glucan showed significant
macrophage activation through the release of nitric oxide on mouse
monocyte J744.1 cell line. The effect of glucan on macrophage prolifera-
tion was not in dose-dependent manner and maximum NO production
was noted at 0.1 ug/mL dose of the glucan. In a different report, a
heteroglycan was isolated from the aqueous extract of the corm of
Amorphophallus campanulatus which contained D-galactose, p-glucose,
4-0-acyl-D-methyl galacturonate, and L-arabinose in a molar ratio
2:1:1:1 [46]. Chemical analysis further revealed that it was composed
of 1,3-linked-3-D-Galp, 1,4-linked-a-D-Galp, 1,4-linked-4-0-Ac-a-D-
GalpA6Me, 1,3,4-linked-a-D-Glcp and terminal o-L-Araf unit. The
heteroglycan showed splenocyte activation in mouse cell culture me-
dium. The effect of the heteroglycan (5-100 pg/mL) was tested on single
spleen suspension medium by MTT method. The maximum prolifera-
tion index was observed at 50 pg/mL dose of the heteroglycan. Ojha
et al. [47] reported a linear heteroglycan (SMPS) from the aqueous ex-
tract of the green (unripe) fruits of Solenum melongena (Brinjal). The
heteroglycan composed of D-galactose, D-methyl galacturonate, 3-0-
acetyl D-methyl galacturonate, and L-arabinose in a molar proportion
of nearly 1:1:1:1. Linkage analysis established that the heteroglycan
consisted of 1,5-linked-a-L-Araf, 1,2-linked-a-D-GalpA6Me, 1,2-
linked-3-0-Ac-a-D-GalpA6Me and  1,4-linked-p-D-Galp.  The
heteroglycan showed splenocyte and thymocyte activations. Maximum
splenocyte proliferation was observed at 20 ug/mL dose of the SMPS
while thymocyte showed maximum proliferation at 50 ug/mL. Patra
et al. [48] reported an immunoenhancing heteropolysaccharide of rela-
tive average molecular weight 2.0 x 10° Da from aqueous extract of the
leaves of Catharanthus rosea. The heteropolysaccharide was found to
consist of 6-O-methyl-glucose, arabinose, rhamnose, and methyl
galacturonate in 1:2:1:2 M ratios. Detailed analysis of structure revealed
that 6-O-methyl-glucose and a-L-arabinose remained in the side chain
while the backbone of the polysaccharide built of methyl galacturonate
and «-L-rhamnose. The immunoenhancing activities of the
heteropolysaccharide were assessed through macrophage activation,
splenocyte and thymocyte proliferation. On treatment with different
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Table 2
Some important antiviral polysaccharides from Indian medicinal plants.
Name of plants Extraction Biological agents Molecular Antiviral  Reference
method weight (Da) activities
Azadirachta indica 'Water Heteropolysaccharides (P1 fraction: glucose, rhamnose, xylose, mannose and trace amount of fucose; 80 x 10> PV-1 [26]
extract P2 fraction: arabinose, and galactose) and their sulfated derivatives
P1 fraction and its sulfated derivatives 80 x 10° BoHV-1 [27]
Calendula Water Polysaccharides - HIV [39]
officinalis extract
Grateloupia Water Sulphated F3: galactose. 60 x 10° HSV [32]
indica extract Sulphated GiWE: galactose and small amount xylose, fucose, glucose.
Gracilaria Cold water Sulfated galactan (WE2NGF, Au 2, AAu 2) 165,197; HSV-1& [34]
corticata extract 61,990; HSV-2
54,494
Padina Hot water  glucan 50 x 10° HSV-1& [36]
tetrastromatica extract fucoidan and sulfated derivatives (S1-S3) HSV-2
Portulaca oleracea Neutral polysaccharide (glucose, mannose, arabinose and small amounts of galactose) 8.3 x 10° HSV-2 [28]
Hot water  Acidic polysaccharide (arabinose, galactose, rhamnose, xylose and glucuronic acid) 5.8 x 10*
extract Pectic polysaccharide (galacturonic acid, glucuronic acid, arabinose, and galactose, rhamnose) 8.7 x 10*
Rhizophora Water Polysaccharides - HIV [37]
mucronata extract
Rhizophora Water RAP: galactose, galactosamine, glucose, and arabinose. - HIV-1, [38]
apiculata extract HIV-2, SIV
Scinaia hatei Alkali Sulfated xylomannan 160 x 10° HSV [29]
extract xylans 120 x 103 HSV [30]
Sphacelaria indica Water F3: fucose, galactose, xylose and small amount of glucose and mannose. (26 +5) x10*> HSV-1 [33]
extract
Stoechospermum  Water Sulfated fucan (F3): fucose, and small amount xylose, galactose. 40 x 103 HSV-1&  [31]
marginatum extract Sulfated fucan (SmWE): fucose and small amount of xylose, mannose, galactose, glucose. HSV-2

concentrations of the polysaccharide on peritoneal macrophages, an en-
hanced production of NO was observed in a dose dependent manner
with optimum production at 100 pg/mL dose of the polysaccharide.
Maximum splenocyte and thymocyte proliferation was noted at 50
pg/mL dose of the heteropolysaccharide. Joseph et al. [49] reported an
immunomodulatory galctomannan (PSP001) from fruit rind of Punica
granatum. Investigation confirmed that the backbone of the
galctomannan consisted of (1 — 3)-linked 3-p-galactopyranose with
side chains containing p-D-mannopyranose and «-D-mannopyranose
units. PSPO01 showed in vitro growth stimulatory effect on normal
human lymphocytes, and a proliferative index of 1.21 + 0.01 was ob-
served at a concentration of 1000 pg/mL, indicating immunostimulatory
activity. A water-soluble pectic polysaccharide (PS-I) was reported from
the hot water extract of the pods of green bean (Phaseolus vulgaris),
consisted of methyl ester of galacturonic acid, galactose, and arabinose
in nearly 2:2:1 M ratio [50]. Structural investigation ascertained that
1,4-linked methyl ester of galacturonic acid constructed the main
chain of the pectic polysaccharide while arabinose and galactose re-
maining in the side chains. In vitro immunomodulatory potency of the
pectin was analyzed by MTT colorimetric assay through determination
of the proliferation of mice splenocytes and thymocytes. The effect of
the pectic polysaccharide on splenocytes and thymocytes proliferation
was not in dose-dependent manner and maximum proliferations were
observed respectively at 100 ug/mL and 25 pg/mL doses. Another pectic
polysaccharide having Mw 1.8 x 10° Da and consisting of D-galactose,
6-0-Me-D-galactose, 3-O-acetyl-D-methyl galacturonate and D-
methyl galacturonate in a molar ratio of 1:1:1:1 from immature onion
stick (Allium cepa) was reported by Patra et al. [51]. The pectic polysac-
charide exhibited in vitro macrophage activation by nitric oxide (NO)
production in culture supernatant. NO production decreased gradually
upon treatment with increasing concentrations of this pectic polysac-
charide. Maximum production of NO (18.5 uM per 5 x 10° macro-
phages) was observed at 12.5 pg/mL dose of the pectin. Pectin induced
proliferation of splenocytes and thymocytes were examined in vitro
and the results indicated that 50 pg/mL of the pectin was the optimum
dose for increase of splenocyte and thymocyte counts. Mandal et al. [52]
reported a gluco-arabinan of average relative Mw 62 kDa from alkaline
extract of Caesalpinia bondu. Structural elucidation validated the
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presence of terminal Glcp, (1 — 4)-Glcp, (1 - 2,3)-Glcp, terminal Araf,
(1 - 5)-Araf, (1 - 2,5)-Araf, and (1 — 2,3,5)-Araf within the polysac-
charide. Immunomodulating activities (macrophage activation,
splenocyte and thymocyte proliferation) of the gluco-arabinan on mu-
rine immune system were investigated in vitro. The gluco-arabinan
showed maximum splenocyte proliferation at 12.5 ug/mL (1.38 fold
higher than control PBS) and maximum thymocyte proliferation at 25
pg/mL (1.41 fold higher than PBS). The gluco-arabinan at 100 pg/mL
dose was capable of producing only 8 M NO which was not significant
while considering the macrophage activation. Das et al. [53] reported an
arabinoxylan from the aqueous extract of green leaves of Litsea
glutinosa. It was a branched polysaccharide having ~1,75,000 Da average
relative molecular weight. Structural analysis revealed that xylose
remained at the main chain of the polysaccharide and arabinose
remained in the side chain. The screening of immunomodulatory prop-
erties of the arabinoxylan was examined through splenocyte and thy-
mocyte proliferation assay. The function of the arabinoxylan on
activation of innate immune cells was further investigated on peritoneal
macrophages. The proliferation of splenocyte, thymocyte and activation
of macrophages respectively, at 25 pug/mL, 50 pug/mL and 100 pg/mL
doses of arabinoxylan confirmed its role as promising immunothera-
peutic agents. Bhatia et al. [54] reported isolation of a sulfated polysac-
charide (Porphyran) from hot water extract of Porphyra vietnamensis. It
was a linear homopolysaccharide composing 4-O-a-L-galactose-6-sul-
fate repeating units. Immunostimulatory activities of porphyran were
investigated in albino rats and albino mice. Increase in weight of the
thymus, spleen and lymphoid organ cellularity was noticed after oral
administration of porphyran (200-500 mg/kg). The total lymphocyte
and leucocyte count was also increased significantly (P < 0.005). En-
hancement in the adhesion of neutrophil to nylon fibres as well as
dose-dependent increase in antibody titre values was observed due to
porphyran treatment. A potential phagocytic response was observed
and significant changes were also noted in the formation of formazone
crystals after porphyran administration. The results indicated that the
sulfated polysaccharide from P. vietnamenis possessed potential immu-
nomodulatory activities. Aloe vera is a medicinal plant species of the
genus Aloe with a long history of traditional therapeutic use around
the world. Acemannan, the main bioactive polysaccharides of Aloe
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vera possesses several pharmacological activities among which
immunomodulation are considered as the most vital one. According to
the report of Kumar & Tiku [55], radiation-induced mortality of mice
was significantly decreased when the mice were treated with
acemannan at a dose of 150 mg/kg body weight by oral gavage for 7
days. The findings revealed that 7-days pretreatment or post-
treatment with acemannan increased survivability of mice by 60 and
20%. It was further established that acemannan could upregulate the cy-
tokines like TNF-aw and IL-1 and also improved peripheral lymphocytes
counts, spleen cellularity and spleen index. Moreover, acemannan stim-
ulated the production of macrophage cytokines, nitric oxide release,
surface molecule expression and cell morphology in RAW 264.7 cells
from a mouse macrophage cell line. Interleukin-6 (IL-6) and (TNF-ot)
were also produced in a dose-dependent manner with a change in the
morphology of the cells. Panda et al. [56] reported a water soluble pectic
polysaccharide (PS) of relative Mw 2 x 10° Da from the aqueous extract
of the green fruits of Momordica charantia which contained D-galactose
and D-methyl galacturonate in 1:4 M ratio. The pectic polysaccharide
showed macrophage activation as well as splenocyte and thymocyte
proliferation. The optimum dose for macrophage activation and
splenocyte proliferation was 200 pg/mL, while the same for thymocyte
proliferation was 25 pg/mL. Shalini, Yengkhom, Subramani & Michael
[57] reported that the polysaccharide fraction (PF) isolated from
Dendrophthoe falcata (DF) leaves exhibited immunostimulatory proper-
ties in Oreochromis niloticus. Different groups of experimental fish were
fed with three different doses of D. falcata polysaccharide fraction
(DFPF) as supplemented diet and non-specific immunological parame-
ters, immune related gene expression were assessed after every sched-
ule of feeding. The DFPF treated groups showed significant upregulation
of lysozyme and TNF-a gene expression. Administration of 1% DFPF in
the feed for a week afforded protection against the virulent pathogen
challenge, with a relative percent survival (RPS) of 100. These results
suggested that DFPF could be considered as potential immunostimulant
feed supplement in fish aquaculture. The resources, structural features,
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and immunological activities of some important medicinal plant poly-
saccharides were summarized in Table 3.

6. Inmunomodulatory and antiviral activities of the plant polysac-
charides/aqueous extracts of the plants recommended by the Minis-
try of AYUSH, Government of India

The Ministry of AYUSH, Government of India, in its advisory pre-
scribed the use of several single drugs e.g. Seer (Allium sativum),
Zanjabeel (Zingiber officinale), Aslassus (Glycyrrhiza glabra), Kalonji
(Nigella sativa), Gilo (Tinospora cordifolia), Behi dana (Cydonia oblonga),
Unnab (Zizyphus jujube) etc. against COVID-19 because of their remark-
able antiviral and immunomodulating activities [58]. Several reports on
the immunomodulatory and antiviral activities either of the aqueous
extract or the polysaccharide fraction isolated from aqueous extract of
these medicinal plants are available in the literature. Weber et al. [59]
reported in vitro antiviral effect of Allium sativum aqueous extract. Ac-
tivity was determined against both RNA and DNA enveloped and
nonenveloped viruses. Herpes simplex virus type 1 (HSV-1), herpes
simplex virus type 2 (HSV-2), parainfluenza virus type 3 (Para-3), vac-
cinia virus (VV), and vesicular stomatitis virus (VSV) were the five se-
lected viruses. HSV-1 strain KOS and HSV-2 strain 333 were grown in
Vero cells, while Para-3 strain C-243 was grown in Hela cells. In addi-
tion, VSV strain Indiana and VV strain Elstree were cultured in both
cell lines. Cytotoxicity data suggested that Garlic extract was virucidal
to each of the five virus strains. At the highest concentration (1000
mg/mL) tested, infectivity of all five viruses was substantially reduced.
Garlic extract was most virucidal against VSV. HSV-1 and HSV-2 were
almost comparable in their sensitivity followed by Para-3 and VV in de-
creasing order. Although VSV (RNA virus) was most susceptible to the
garlic extract, there was no general pattern to conclude that RNA viruses
being more sensitive than DNA viruses. Kaushik et al. [60] reported anti-
chikungunya activities of Zingiber officinale (Ginger) rhizome aqueous
extract in the animal cell culture model. Median tissue culture infective

Table 3
Some important immunomodulatory pure polysaccharides isolated from Indian medicinal plant.
Source Extraction Fraction Molecular Monosaccharide composition Biological Biological activity Reference
method name weight (Da) agents
Allium cepa Hot water PS 1.8 x10° D-galactose: 6-O-Me-D-galactose: Pectin Polysaccharide: macrophage, [51]
extract 3-0-acetyl-D-methyl galacturonate: D-methyl splenocyte, and thymocyte
galacturonate = 1:1:1:1 activations
Aloe vera Water Acemannan - man: glc: gal = 62.9%: 13.1%: Heteroglycan Polysaccharide: [55]
extract 0.6% immunoenhancing
Amorphophallus Hot water PS 1,80,000 D-galactose: p-glucose: 4-0O-acyl-D-methyl Heteroglycan Polysaccharide: splenocyte [46]
campanulatus  extract galacturonate: L-arabinose = 2:1:1:1 proliferation
Caesalpinia Alkaline PS-11 62,000 glc:ara = 6:7 Gluco-arabinan Polysaccharide: splenocyte, [52]
bonduc extract thymocyte and macrophage
activations
Catharanthus Hot water  PS-I 2.0x10° 6-0-methyl-glucose: arabinose: rhamnose: Heteroglycan Polysaccharide: macrophages, [48]
rosea extract methyl galacturonate = 1:2:1:2. splenocyte and thymocyte
activations
Litsea glutinosa Hot water PS 1,75,000 xyl:arab = 1:3 Arabinoxylan Polysaccharide: splenocyte, [53]
extract thymocyte and macrophage
activations
Moringa oleifera Hot water - 70,000 glc (1> 4)-a-D Polysaccharide: [45]
extract glucan immunoenhancing
Momordica Hot water PS 2x10° D-galactose: D-methyl galacturonate = 1:4 Pectic Polysaccharide: splenocyte, [56]
charantia extract polysaccharide thymocyte, macrophage
activations
Phaseolus Hot water  PS-I 1.8 x 10° D-galacturonic acid: D-galactose: L-arabinose = Heteroglycan  Polysaccharide: splenocyte, [50]
vulgaris extract 2:2:1 thymocyte proliferation
Punica Water PSP001 1.1x10° Galactose, glucose and mannose Galctomannan  Polysaccharide: growth [49]
granatum extract stimulatory effect
Porphyra Hot water Porphyran - a-L-galactose-6-sulfate Sulfated Polysaccharide: [54]
vietnamensis  extract polysaccharide immunoenhancing
Solenum Hot water  SMPS 1.92 x 10°  gal:ara = 3:1 Heteroglycan  Polysaccharide: splenocyte and ~ [47]
melongena extract thymocyte activations
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dose (TCID50) of Chikungunya virus (CHIKV) and Maximum non-toxic
dose (MNTD) of Z. officinale extract were determined in Vero cell line.
Maximum non-toxic dose of Z. officinale plant extract was found 62.5
pg/mL. Cell viability was increased to 51.05% and 35.10% when Vero
cells were pre-treated respectively, with MNTD and half of MNTD of
Z. officinale extract. Similarly, in co-treatment, when MNTD, half of
MNTD of Z. officinale and Median tissue culture infective dose CHIKV
were inoculated simultaneously, then the viability of Vero cell-line
was increased by 52.90% and 49.02% respectively. Therefore, the rhi-
zome extracts of Z. officinale had high potential to treat CHIKV. A num-
ber of components have been isolated from the roots of Glycyrrhiza
glabra, including triterpene, pectins, saponin, flavonoids, simple sugars,
polysaccharides, mineral amino acids, salts, asparagines etc. [61]. A
phytopharmaceutical formulation containing an extract of Glycyrrhiza
glabra root was investigated for immunostimulating potential [62]. In
the in vitro phagocytosis test, it showed a 44-53% stimulating effect at
a concentration of 100 pg/mL. Chemoluminescence assay at a concen-
tration of 1.25 pg/mL exhibited a moderate enhancing effect while at a
concentration of 100 pug/mL, a notable stimulating activity (30-50%)
was found in the T-lymphocyte CD69 bioassay. The potential immuno-
modulatory effects of aqueous extract from Nigella sativa were exam-
ined in splenocyte proliferation; macrophage and NK cell activations
in BLAB/c and c57/BL6 cells [63]. Results of the experiments revealed
that the aqueous extract of Nigella sativa significantly enhances
splenocyte proliferation in a dose-dependent manner. The secretion of
IL-6, TNF-a and production of NO in macrophages were significantly
suppressed by the aqueous extract of N. sativa. Chintalwar et al. [64] re-
ported an acidic arabinogalactan of average relative molecular mass 2.2
x 10° from the stems of Tinospora cordifolia. The polysaccharide was
composed of galacturonic acid (35%), galactose (32%), arabinose (31%)
and very small amount of rhamnose (1.4%). Partial acid hydrolysis re-
vealed that galactoses were the part of main chain while the side chains
were mainly composed of arabinose and galacturonic acid. Methylation
analysis revealed presence of terminal arabinose, terminal galactose,
1,5-linked arabinose, 1,4-linked galactose, 1,6-linked galactose and
1,3,6-linked galactose. Experiments further confirmed the backbone of
the polysaccharide was constructed by 1,4-linked galactose and some
1,3,6-linked galactose. The polysaccharide showed mitogenic activity
through activation of polyclonal murine B-cells which was an indicator
of immunostimulant activity. Later on, Raghu et al. [65] reported the de-
tail molecular actions associated with the acidic arabinogalactan
(G1-4A) induced in vitro and in vivo immunomodulation. Administra-
tion of the acidic arabinogalactan to mice led to an increase in the num-
bers of T cells, B cells and macrophages. In vivo proliferation of B cells
and degradation of IkB-a suggested that TLR-4 was a receptor for
G1-4A on B cells. Reports further revealed that the activation of RAW
264.7 macrophages by G1-4A was dependent on NF-<B-mediated sig-
nals. The effect of the same acidic polysaccharide on functional matura-
tion of murine bone marrow derived dendritic cells was investigated by
Pandey, Shankar & Sainis [66]. The arabinogalactan enhanced surface
expression of CD40, CD80, CD86, MHCII and splenic dendritic cells. It
could also induce allostimulatory activity on T cell and increase of IL-
12 and TNF-a secretion by bone marrow derived dendritic cells were
also observed. Thus, the acidic arabinogalactan were capable of modu-
lating both innate and adaptive immune responses. Gupta, Rajan &
Kulkarni [67] reported up regulation of expression of TNF-c, IL-3, IL-6,
IL-12, IL-10 and IFN-vy in RAW 264.7 cell line and peritoneal macro-
phages after treatment with the same acidic arabinogalactan. Nitric
oxide levels were also enhanced along with up-regulation of NOS2 ex-
pression in murine macrophages due to treatment of G1-4A. Moreover,
treatment of the acidic arabinogalactan up-regulated the surface ex-
pression of MHC-II and CD-86 and also activated p38, ERK and JNK
MAPKs in macrophages. Treatment of aqueous extract of Cordia myxa
fruit in the BALB/c mice showed enhancement of mitotic index (MI) of
bone marrow and spleen cells due to immunization effect [68]. The im-
munomodulatory properties of the extract from Cydonia oblonga were
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explored to inhibit the production of IL-8 and TNF- a from human
mast cells. Chi et al. [69] reported isolation of polysaccharide conjugates
(JPC) from the fruits of Ziziphus jujube. Monosaccharide analysis of JPC
showed that it was composed of Man, Rib, GlucA, GalcA, Glu, Xyl, Gal
and Ara in the molar percentages of 5.3%, 3.1%, 3.6%, 11.4%, 13.4%,
14.5%, 23.4%, and 25.1%, respectively. Oral administration of JPC in
Chronic Fatigue Syndrome (CFS) rats led to T lymphocyte proliferation,
elevated CD4+-/CD8+ ratio and improved activities of natural killer
(NK) cells. Elevation of superoxide dismutase (SOD), glutathione perox-
idase (GSH-Px), and malondialdehyde (MDA) levels in serum post JPC
treatment were also reported. The results and findings discussed so far
reveal antiviral and immune stimulating properties of different Indian
plant polysaccharides, which may also help to treat COVID-19 infected
people.

7. Mechanism of actions

The mechanism of antiviral activities of polysaccharides is largely re-
lated to its specific structure and virus type. Coronaviruses (CoVs) are
enveloped viruses with a positive-stranded RNA genome. Four struc-
tural proteins namely, spike, nucleocapsid, membrane, and envelope
have been identified in SARS-CoV-2. The CoVs enter into host cells by
a complex process, initiated by the specific interaction between the
virus and host-cell-surface receptors, involving the fusion of the
envelope with the host cell membrane arbitrate by viral S proteins.
Polysaccharides can inhibit the virus in different pathways, such as-
(i) Polysaccharides, mainly sulfated polysaccharides, through interac-
tion with the surface of virus by negative charge, may either inhibit
the transmittable capacity of the virus, or kill the virus. (ii) Sulfated
polysaccharides, by virtue of its strong poly anionic activities can stop
virus adsorption or invasion by blocking the positive charge on the
cell surface. (iii) These can also directly inhibited viral transcription
and replication on host cells. (iv) After viral invasion in host body, the
plant polysaccharides might trigger the host NK cells and macrophages
and thereby induce production of immune cytokines, and indirectly
exert antiviral effects by activating innate immunity. These are also ca-
pable of generating innate immune responses through production of
NO; up regulation of expression of TNF-a and interleukins (IL-6, IL-
12) in macrophages via attachment to TLR-2, activation of NF-«B and
MAPK cells for development of innate immune response in host cells.
Possible mechanism of action of antiviral and immunomodulatory
plant polysaccharides against COVID-19 is shown in Fig. 3.

8. Summary and perspectives

Currently, people have no other option than to survive with SARS-
CoV-2 until development and application of suitable vaccine to the entire
population. The immediate challenge for the world and also for India is to
curb the spread of COVID-19. Indian herbal medicines with 1000 years'
experience in the prevention of pandemic and endemic infectious dis-
eases may have significant role in this COVID pandemic. During the last
few decades, a number of polysaccharides with potential therapeutic
properties have been identified from Indian plants. Many plant polysac-
charides, such as xylan, acemannan, sulfated fucans, sulfated
xylomannan, fucoidans, pectins, glucans, porphyran, glucoarabinan,
and arabinoxylan have antiviral and immunomodulating activities and
their potential for therapeutic applications is drawing attention of the re-
searchers all over the world. Plant polysaccharides with specific struc-
tures or certain molecular weights exhibit different antiviral and
immunomodulatory activities. The viral infection can be inhibited by
the plant polysaccharides through interference with the viral life cycle
or by improving the host immune response. Intake of certain
immunomodulating plant polysaccharides may also protect from the
virus to a certain extent. Use of polysaccharides in vaccine production al-
ready reported as they are cost-effective, easily available and have no
side-effect [70-73]. So, antiviral Indian medicinal plant polysaccharides
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Fig. 3. Possible mechanism of action of antiviral and immunomodulatory plant
polysaccharides against COVID-19.

may be functional for recovery of asymptomatic and mild-symptomatic
patients with COVID-19 infection. Scientific community should focus
on the development of plant polysaccharide-based drugs to deal with
this COVID pandemic.
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