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Abstract: Respiratory viral infections have been a leading cause of morbidity and mortality world-
wide. Despite massive advancements in the virology field, no specific treatment exists for most
respiratory viral infections. Approved therapies against respiratory viruses rely almost exclusively
on synthetic drugs that have potential side effects, restricting their use. This review aims to present
natural marine sulfated polysaccharides possessing promising antiviral activity against respiratory
viruses that could be a safe alternative to synthetic broad-spectrum antiviral drugs. The antiviral
properties of marine sulfated polysaccharides are presented according to their mechanism of action

on different types and strains of respiratory viruses, and the potential limits of their use are discussed.
check for
updates
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1. Introduction

pharmaceutics13050733 The respiratory tract is one of the main portals of entry for human viruses. Respiratory
tract infections lead to enormous health and economic burdens and cause severe outcomes,

Academic Editor: including hospitalization and death, especially in developing countries [1-4]. In 2013, the

Nathalie Heuzé-Vourc’h WHO'’s Battle against Respiratory Viruses initiative (BRaVe) recognized acute respiratory
infection as a major global public health issue [5]. Unfortunately, nearly ten years later,
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medical conditions are considered at-risk populations. Alike influenza-virus-associated
infections, RSV caused around 1.5 million episodes of acute LRIs in 2015 in the elderly,
specifically those aged 50-64 years [12]. Although other respiratory viruses, such as
adenovirus and rhinovirus, cause lower mortality, they are associated with significant
morbidity, which causes a huge economic burden. Increased respiratory viral infections
worldwide necessitate searching for safe and effective antiviral drugs to counteract these
massive healthcare problems.

2. Symptoms of Respiratory Viral Infections and Approved Therapies

The transmission of viral pathogens occurs mainly by the respiratory route, character-
ized by aerosol emission or droplets primarily during a cough or sneezing episode [6,13].
In most cases, these vRTIs are limited to the upper respiratory tract but can lead to acute
lower respiratory tract infections as well, particularly in the case of RSV, influenza virus,
PIV and SARS-CoV2 [14-16]. The symptoms of viral respiratory infections can include
congestion of either the nasal sinuses or lungs, runny nose, cough, sore throat, body aches,
fatigue (Figure 1).

Mild Respiratory Infections Severe Respiratory Infections
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|
Nasal congestion, rhinnorhea, ,\ p \© /
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Figure 1. Symptoms related to viral respiratory tract infections.

In the most severe cases, symptoms can be chills, difficulty in breathing, dizzi-
ness, bronchiolitis, asthma exacerbations, pneumonia, respiratory distress syndromes
and chronic obstructive pulmonary disease (COPD) [5,17]. The propagation of several
respiratory viruses has also been reported from the respiratory tract to the central nervous
system (CNS) [18].

Although some viruses may be associated with defined clinical signs and symptoms,
there is also some intersection in the correspondence of pathology and the responsible
pathogen. It is thus difficult to define viral respiratory diseases because the symptoms
related to vRTI commonly overlap [6]. For example, the common cold may originate
from different etiologic agents, such as rhinoviruses or coronaviruses. Similarly, influenza
may be caused by the influenza virus, but also by RSV, Haemophilus influenzae type b, or
Streptococcus pneumoniae [11].

Symptomatic therapies or antiviral medications are still the major tools to treat vR-
TIs [19] as vaccines are currently not yet available for most of the respiratory viruses [20]
except against influenza, adenovirus and more recently, against SARS-CoV-2. However,
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it is also important to notice that such vaccines will face several specific hurdles: (i) they
could be restricted to some countries and dedicated personnel, as evidenced by the aden-
ovirus vaccine available only to military personnel in the US; (ii) their mild efficacy (from
30% to 60% for the influenza vaccine) and need for annual revaccination due to emerging
new variants [6] and (iii) high-cost and need for specific cold chain suppliers as observed
with recent mRNA vaccines against SARS-CoV-2. Although developing vaccine strategies
against the respiratory diseases still remain an outstanding priority, it questions the avail-
ability of these vaccines in developing countries in a timely manner, where cost-effective
antiviral therapies could be preferred.

2.1. Symptomatic Treatment

For most respiratory viruses, the guidelines for their treatment and management can
differ widely according to the patient status or the country [21]. Most vRTIs medications
are not antiviral agents but rather target the short-term relief of symptoms, such as nasal
decongestants, antipyretics/analgesics, antitussives or expectorants. However, though rare,
adverse effects could occur, especially in young children [6,22]. Therefore, using targeted
therapeutic options against these respiratory viruses is highly required.

2.2. Antiviral Medication

In general practice, the treatment is done with nonspecific antiviral agents, e.g., cid-
ofovir against adenovirus infections, ribavirin against influenza, and palivizumab for
protection against RSV (Table 1). The use of adamantane drugs and neuraminidase in-
hibitors (oseltamivir, laninamivir, peramivir and zanamivir) has been also reported in the
literature against influenza [6,23].

Table 1. Some approved synthetic antiviral agents and natural seaweed polysaccharides against respiratory viruses.

* FDA/EMA Approved Antivirals

Natural Seaweed

Respiratory Virus Synthetic Antivirals Polysaccharides Vaccine Reference
Human rhinovirus No Iota-carrageenan No
Adenovirus Cidofovir, ganciclovir, ribavirin No Ye.s [24]
(not accessible to all)
Human metapneumovirus No No No
Parainfluenza virus No No No

Ribavirin, amantadine

Rimantadine, zanamivir [23]
Influenza virus — — No Yes
Oseltamivir, peramivir
Laninamivir
Respiratory syncytial virus Ribavarin, palivizumab No No [25,26]
SARS CoV-2 Remdesivir No Yes [27]
HCoV-0C43 No No No

* FDA: US Food and Drug Administration, EMA: European Medicines Agency.

Although active research is ongoing to develop safe and efficient antiviral agents
against respiratory viruses [28], their clinical effectiveness is still under investigation, and
their use is limited to high-risk populations, such as immunocompromised patients [29].
These antiviral agents lack targeted therapeutic activity towards respiratory viruses. Their
cost, as well as associated side effects, restrict their use. Moreover, the emergence of viral
resistance remained a major limiting factor for the general population and emerged as a
major public health problem [30,31]. Furthermore, using antibiotics is still widely practiced
in certain parts of the world, which leads to their misuse [32]. Due to the lack of optimal
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medication and effective vaccines, the search for alternative natural therapies, such as
sulfated marine polysaccharides, is indispensable.

3. Antiviral Activity of Sulfated Polysaccharides and Their Underlying Mechanisms
of Action

Since the pneumonic plague, the research sector is exploring all the possible options to
select promising antiviral drugs [33,34]. The search for appropriate antiviral agents is not
only limited to synthetic molecules, but other natural alternatives are also in consideration
because of some interesting properties, such as biocompatibility, low toxicity, biodegrad-
ability and renewable nature [35,36]. In this context, natural products using terrestrial
sources (herbal medicine) [37] or marine origin [20,36] have gained huge interest. The
SARS-CoV-2 pandemic has given rise to many investigations of natural products to treat
the associated respiratory disease. Among these products, seaweed polysaccharides have
been in the highlights recently [38]. In fact, seaweed polysaccharides, particularly sulfated
polysaccharides (SPS), were already known to exhibit potent antiviral activity against a
wide variety of enveloped viruses, such as herpes simplex virus or human immunodefi-
ciency virus [39,40] but also against the respiratory viruses. Their mechanisms of action
are quite diverse, and they could act at different steps of the viral cycle, from preventing
viral attachment to intracellular antiviral activity employing different pathways [33,41]
(Figure 2).

Entry Inhibitors

Attachment Inhibitors lota-carrageenan, nostaflan
lota-carrageenan,

lota-carrageenan
2. Entr:
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Figure 2. Mechanism of action of seaweed sulfated polysaccharides at various stages of the viral cycle.

The formation of specific supramolecular complexes of SPS, with the virus or the
target cell, is the basis of their antiviral activity. These complexes rely on non-covalent
interactions (electrostatic mainly, but also hydrophobic and polar) and are commonly
attributed to the structural characteristics and composition of the SPS. Their degree of
sulfation, molecular weight and structural features (presence of O-acetyl groups, specific
positioning of sulfate/acetyl) are the key factors in their antiviral activity [42] as highlighted
with chemically SPS [43,44].
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3.1. Inhibition of Infection by Electrostatic Interaction

Negative charges borne by the sulfated groups can initiate electrostatic interactions
that are key for antiviral activity. The presence of the sulfate groups could inhibit the
binding process of the virus to its target cell, preventing viral attachment to the cell receptor
at the very early stage of infection by inhibiting syncytium formation. The virus entry
can be prevented by masking the positive charges of the viral receptor [45]. In the case of
enveloped viruses, negatively charged SPS could interfere in the association of the posi-
tively charged glycoprotein of the viral envelope and the cell surface receptor [27,32]. The
irreversible encapsulation of the viral particles by sulfated polysaccharides was observed
by scanning probe microscopy on the HINS influenza virus [46].

3.2. Inhibition of Infection by Allosteric Interaction

Allosteric interaction is described as the binding of a ligand to an allosteric site of a
receptor, inducing a conformational change. This modification can either induce positive
or negative cooperativity in the binding of the orthosteric agonist. In the case of the viral
infection, the polysaccharide is assimilated to the ligand and the virus to the orthosteric
agonist. Then, the allosteric interaction of an SPS with the cell receptor can impede virus
binding and subsequent internalization. In addition, by allosteric interaction, SPS can bind
to the viral capsid, preventing the uncoating of the virus inside the host cell [38].

3.3. Modulation of Intracellular Antiviral Activity

SPS have been shown to inhibit intracellular processes, such as viral replication. For
example, as shown for HIV infection, SPS can interfere with replication enzymes, such
as reverse transcriptase, or prevent the translation of proteins [47]. As seen particularly
in influenza, SPS can stimulate cellular pathways that inhibit viral infection [41,45,48].
Indeed, SPS could specifically bind to the Toll-like receptors (TLRs) that are involved in
the innate immune response to microbes [49]. This binding will induce the secretion of
proinflammatory cytokines and provoke an antibody-mediated adaptive immune response,
promoted by the activation of immune cells [50].

4. Antiviral Activity of Seaweed Sulfated Polysaccharides against Respiratory Viruses

Marine SPS are natural drugs that exhibit broad-spectrum antiviral activity and can be
a promising solution to emerging viral infections, especially respiratory infections [51,52].
To analyze the antiviral activity of marine polysaccharides, and in particular seaweed SPS
against the respiratory viruses, the experimental setup widely used is based on in vitro
assays using specific cell lines. These assays use a viral source as the starting point and an
appropriate model cell line for the viral infection. By monitoring the kinetics of infection in
the presence of the drugs, the therapeutic and preventive potential of these polysaccharides
is assessed. These assays also aim at determining the underlying mechanism of action
of seaweed SPS using time of addition assays, where the polysaccharide is added before,
during or after the viral infection. In certain cases, animal models are also used to assess
the antiviral efficacy after the viral challenge. However, this in vivo approach is limited to
a few respiratory viruses, such as the influenza virus [53] or adenovirus [54], as biosafety
issues related to these animal models could limit the access to strong preclinical data.

Yet, data collected from literature could permit to broadly classify the antiviral activity
of the marine polysaccharides obtained from seaweeds based on their capacity to inhibit
the respiratory viral infection, either in vitro or in vivo, as illustrated in Table 2.
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Table 2. Antiviral activity of seaweed sulfated polysaccharides against respiratory viruses based on their mechanism of

action (entry or replication inhibition).

Marine Algae Polysaccharide Respiratory Virus  Entry Inhibition = Replication Inhibition Reference
Iota-carrageenan HRV X [55,56]
Iota-carrageenan HMPV X [57]
Iota-carrageenan Adenovirus X [58]
Galactan sulfate HPIV X [59]
Galactan sulfate X [59]
Sulfated xylomannan X [60]
kappa-carrageenan X [45,61-63]
Iota-carrageenan X [53,56]
Red Algae Lambda-carrageenan Influenza X [64]
(?;E;i\if;g;g::g;;l) Not mentioned [65]
" etons * . foe
Galactan sulfate X [39,59]
Sulfated xylomannan RSV X [60]
Iota-carrageenan X [67,68]
Iota-carrageenan SARS CoV-2 X [68,69]
Lambda-carrageenan X [64]
Iota-carrageenan HCoV-0OC43 X [56,70]
Fucoidan Adenovirus X [54]
Fucoidan HPIV X [54]
Extract RSV X [71]
Brown Algae Fucoidan SARS CoV-2 X [69,72]
Fucoidan X [41,54,73]
Influenza X [48]
Fucogalactan X [42,50]
Acidic polysaccharide X [74]
Influenza
Green Algae Ulvan polysaccharide X [75]
Extracts HMPV X X [76]
Calcium spirulan X [77]
Blue-GreenAlgae Nostaflan Influenza » 78]

Thus, according to their mechanism of action during the viral infection cycle, either
entry inhibition or viral replication inhibition, we could provide a tentative classification
between polysaccharides from four marine algae.

Moreover, the following sections aim at deciphering the nature of seaweed SPS, classi-
fied according to specific respiratory viruses, against which they exhibit antiviral activity.

4.1. Coronaviruses

The viruses of the CoV family are single-stranded RNA-enveloped viruses. They are
divided into 4 classes (alpha-CoV, beta-CoV, gamma-CoV and delta-CoV) and are responsi-
ble for about 20% of the common human colds [79]. Several studies reported the antiviral
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efficacy of seaweed polysaccharides against beta coronaviruses (human coronavirus hCoV
0OC43 and SARS-CoV-2).

Iota-carrageenan containing lozenges were reported to inhibit the viral activity of
hCoV OC43 [70]. The antiviral activity of this red algae polysaccharide was explained by
its polyanionic nature that inhibits the virus adsorption. In another instance, Kwon et al.
2020 showed that fucoidan fractions from brown algae, Saccharina japonica, can efficiently
inhibit in vitro entry of SARS-CoV-2 in Vero cells due to multivalent interactions between
the polysaccharide and viral particles [72].

Seaweed SPS from different sources were tested for their antiviral competency against
SARS-CoV-2. Among those sulfated polysaccharides, fucoidan and iota-carrageenan from
brown and red seaweed, respectively, showed antiviral potential against SARS-CoV-2 by
preventing host cell entry in Vero E6 cells, thus inhibiting viral infection [69]. In a study
comparing the antiviral activity of different SPS from seaweeds, iota-carrageenan was
shown to possess maximum antiviral activity against SARS-CoV-2 [68]. These antiviral
assays were conducted in vitro on ACE2-HEK293 cells using SARS-CoV-2 spike pseudo-
typed lentivirus and were shown to inhibit both the viral attachment as well as replication.
Furthermore, Bansal et al. confirmed the antiviral activity of iota-carrageenan nasal spray
in vitro using Vero E6 cells [67]. Lambda-carrageenan showed the potent inhibition of
SARS-COV-2 in vitro in Vero cells, preventing the viral attachment to cell receptors [64].

4.2. Influenza Virus

Influenza viruses belong to the Orthomyxoviridae family and are classified into 4 types
(A, B, Cand D). Flu is an infectious respiratory disease caused in humans by influenza A or
B viruses. Influenza A viruses are divided into subtypes based on the two proteins of the
viral envelope: hemagglutinin (H) and neuraminidase (N). Hemagglutinin has 18 different
subtypes (H1 to H18) and neuraminidase 11 (N1 to N11). To date, 131 subtypes (different
combinations of H and N) have been detected in nature. HIN1 and H3N2 are the current
subtypes of influenza A viruses that routinely circulate in humans. Every 10-50 years, a new
influenza A virus strain leads to a pandemic [30]. Only a safe and broad-spectrum antiviral
medication could stop influenza propagation without an effective and universal vaccine.

k-carrageenan from red algae has proven to prevent antiviral activity against the
influenza A virus (HIN1) in MDCK cells. This seaweed SPS has been shown to interfere
in the early replication steps of the virus [41,80]. Furthermore, hybrid carrageenan from
red algae, Eucheuma denticulatum, has also shown antiviral activity against the influenza
virus (HIN1) [65]. Iota-carrageenan was demonstrated to inhibit virus entry in the cells
by direct interaction with virus particles. This electrostatic interaction can inhibit viral
adsorption on cellular receptors, thus inhibiting syncytium formation. This study has been
conducted on MDCK, Vero and primary human nasal epithelial cells (HNep). The antiviral
efficacy of the nasal application of iota-carrageenan has also been shown in infected mouse
models [53] and randomized trial data [56]. Lambda-carrageenan inhibited both influenza
A and B viruses in vitro on MDCK cells along with infected mouse models. This molecule
has shown its effect by preventing the viral attachment to cell receptors [64].

Polysaccharide fractions from Gracilaria lemaneiformis have also revealed the potential
to inhibit viral adsorption and replication of human influenza virus H1-364 on MDCK
cells [66]. Furthermore, immunomodulatory effects of polysaccharide fractions from
Sargassum gingdaoens and Grateloupia filicina were highlighted in MDCK cells, as well as in
mouse model infected by the avian influenza virus (AIV) (H9N2) [81]. In this study, the
polysaccharides from microalgae were shown to inhibit the activity of AIV in vitro and
to have stimulatory effects on the immune system after immunization of mice with an
inactivated AIV. These immunomodulatory properties of SPS could also have interesting
applications, such as vaccine adjuvants.

Galactan sulfate from Aghardhiella tenera and sulfated xylomannan from Nothogenia
fastigiata presented broad antiviral activity against the influenza infection by preventing
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virus adsorption on host cells, as demonstrated on several strains of enveloped viruses,
including influenza [59,60].

Among brown algae, fucoidan from Laminaria japonica has proven to encapsulate
viral particles leading to its in vitro inactivation, thus preventing cell infection by AIV
(H5NT1) [46,73]. Fucoidan extract from Kjellmaniella crassifolia has been shown to prevent
in vitro and in vivo replication of the influenza A virus (HIN1 and H3N2) through inhi-
bition of the viral neuraminidase and cellular epidermal growth factor receptor (EGFR)
pathway [48]. The broad antiviral effects of this extract have been shown to be superior
to the anti-influenza A virus drug amantadine when tested on MDCK and human lung
epithelial cells A549, as well as in infected mouse model through nasal application of
fucoidan [48].

Moreover, fucogalactan from Undaria pinnatifida has shown to inhibit the in vivo repli-
cation of the influenza A viruses in mice infected models by decreasing viral replication and
increasing humoral (neutralizing antibodies) and innate (natural killer and macrophages
activities) immunity pathways [42,50]. Similarly, Akamatsu et al. showed the anti-influenza
activity of fucose polysaccharide MC26 [82].

Polysaccharides from green algae, Coccomyxa gloeobotrydiformis and Ulva lactuca have
also been shown to possess anti-influenza activity by inhibiting viral-cell fusion with
several influenza A viruses (such as HIN1, H2N2, H3N2, HIN1 pandemic strains) and
replication in avian and human influenza viruses, respectively, in MDCK cells [74,75].

4.3. Human Parainfluenza Virus

HPIV belongs to the Paramyxoviridae family and shares common features with the
influenza virus, such as hemagglutinin and neuraminidase spikes. They are single-stranded
RNA viruses divided into four types (1, 2, 3 and 4). All forms of HPIV provoke infection
of either the upper or lower respiratory tract, with associated symptoms similar to the
common cold (such as wheezing, coryza, rhonchi, otitis) [83]. Unlike the influenza virus
that spreads mainly during winter, parainfluenza viruses are also widespread between
spring and autumn. HPIV is an enveloped virus, and as many respiratory enveloped
viruses, seaweed polysaccharides can inhibit viral binding to the cell and thus inhibit
virus—cell fusion because of their polyanionic nature that masks the virus.

Witvrouw et al. 1994 showed that galactan sulfate from red algae, Aghardhiella tenera,
can inhibit the binding of HPIV 3 to the host cell in vitro on Vero/HeLa cells [59].

Fucoidan from brown algae Laminaria japonica has also proven antiviral activity against
HPIV 1 [54]. This polysaccharide has been studied in vitro on MDCK cells and in vivo,
using an infected mouse model. A prolonged survival time of mice infected with HPIV
1 was shown after intravenous injection of low molecular weight fucoidan. Interestingly,
the study by Sun et al. highlighted that, besides inhibition of virus—cell contact, the in vivo
antiviral activity of fucoidan could also be attributed to the improvement of humoral and
cellular immunity [54].

4.4. Respiratory Syncytial Virus

RSV is a single-stranded RNA virus from the family of Pneumoviridae. RSV is divided
into two subtypes, A and B, which cause mild cold-like symptoms. RSV is one of the most
common causes of bronchiolitis and pneumonia and can have serious consequences in
infants or the elderly [12].

Galactan sulfate from Aghardhiella tenera and sulfated xylomannan from Nothogenia
fastigiata is known to inhibit the RSV viral entry to the cell surface receptor [59,60]. In addi-
tion, the ethanolic extract of polysaccharides obtained from brown algae Laminaria japonica
is known to inhibit viral replication in HEK293 cells [71].

4.5. Human Metapneumovirus

HMPYV is a single-stranded RNA virus from the Pneumoviridae family. After RSV,
HMPYV is the second leading cause of lower respiratory tract infections in infants.
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Iota-carrageenan is also known to inhibit the in vitro replication of HMPV in the
rhesus monkey kidney epithelial cell line, LLC-MK2, by blocking the virus release from
the cell surface, either by modifying the plasticity of the membrane or by anchoring the
progeny virions to the cell [57].

Various extracts obtained from green algae, Ulva fasciata, have been shown to inhibit
both the viral entry and replication of HMPV in vitro using Vero cells. This study high-
lighted the impact of different environmental and extraction conditions on the antiviral
activity of HMPV [76].

4.6. Human Rhinovirus

HRYV belongs to the picornavirus family. HRVs are non-enveloped single-stranded
RNA viruses divided into three species (A, B and C). There are around 160 recognized
serotypes of HRVs differing from their surface proteins. The existence of such impor-
tant variability in serotypes makes developing a broad antiviral drug extremely difficult
and challenging.

The sulfated seaweed polysaccharide iota-carrageenan from red algae inhibits HRV
infection due to its electrostatic interaction with the cell surface receptor. Among the widely
studied carrageenan derivatives, iota-carrageenan is the most important antiviral polysac-
charide against various respiratory viruses. The in vitro effectiveness of this polysaccharide
has been tested on HeLa and human primary nasal epithelial cells on various strains of hu-
man rhinovirus [53,84]. This polysaccharide is also known to suppress the viral replication
of various non-enveloped viruses [45,70].

Iota-carrageenan is the only approved natural seaweed antiviral against HRV. The
efficacy and safety of the nasal spray against HRV were tested in controlled clinical trials
in patients with common cold [85,86]. The therapeutic effectiveness against common cold
patients was also analyzed from two randomized, double-blind placebo-controlled tri-
als [56,87]. The non-clinical safety evaluation of intra-nasal formulation of iota-carrageenan
has been conducted on rabbits and rats. These studies were performed according to
ISO 10993 “Biological evaluation of medical devices” and current European and OECD
guidance for testing pharmaceuticals for human use [88].

4.7. Adenoviruses

Adenoviruses are members of the family Adenoviridae. They are non-enveloped
double-stranded DNA viruses. More than 200 adenoviruses have been officially recognized
and are mostly isolated from humans, even though they can infect other mammals, reptiles,
birds, fish, and amphibians [89].

The sulfated seaweed polysaccharide fucoidan obtained from red algae, Laminaria
japonica, has proven to show antiviral activity against adenovirus [53]. The antiviral
activity of this polysaccharide has been studied in vitro on Hela cells and in vivo, using
an infected mouse model. The antiviral activity of this polysaccharide is attributed to
its polyanionic nature, which masks the virus or positive region of cell surface inhibiting
the virus adsorption. IV injection of low molecular weight fucoidan showed a prolonged
survival time of virus-infected mice [53]. Another polysaccharide extract from red algae,
Pterocladia capillacea, has been shown to inhibit the viral replication of adenovirus 40 in vitro
on human larynx carcinoma cell lines (Hep-2) [58].

5. Limits to be Overcome for the Use of Seaweed Polysaccharides against Viral
Respiratory Infections

As the seaweed SPS possesses a broad antiviral spectrum, it could have an added
benefit over other antiviral agents used against respiratory infections due to its safety
and nontoxic nature. However, despite a considerable amount of research regarding their
antiviral potential, mainly demonstrated through in vitro cell culture assays, the practical
application of these seaweeds goes unrecognized. Indeed, to date, there has been limited
clinical studies that highlight the effectiveness of seaweed SPS as treatment of infected
individuals, restricted to iota-carrageenan [20,85-88] (Table 1), which is the only sulfated
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seaweed polysaccharide that has been approved by EMA for its use in common cold [20,84].
Thus, despite their promising potential, their use is mainly limited to nutraceuticals and
cosmeceuticals [90,91]. Certain hurdles must be overcome to promote research into using
these safe, natural polysaccharides in respiratory viral infections. The major limiting factors
for their use as antiviral candidates in respiratory infections are discussed below.

5.1. Variability in Composition: Physicochemical Characterization

One of the main concerns for using sulfated polysaccharides is the heterogeneity of
the final extract. Seaweed polysaccharides are complex heterogeneous molecule mixtures
that can show variability in their composition, altering the physicochemical characteristics
of the active compound. This variability can be attributed to the source of polysaccharide
(e.g., species, time of harvest), environmental factors (light, nutrition, salinity, temperature),
extraction and purification procedures. All these physicochemical factors can hugely
impact the safety, efficacy, and pharmacological activity of these polysaccharides [92-94].
To promote their usefulness in clinical settings for a particular condition, guaranteed
reproducibility in its physicochemical characteristics is the ultimate prerequisite. This
pharmaceutical quality can be achieved by an efficient screening of active compounds in
the seaweed extracts.

5.2. Complexity of Origin and Sustainability

The vast biodiversity of the ocean is difficult to analyze, and the huge biodiversity
leads to accessibility issues for marine organisms. Hence, a subsequent major challenge
faced for natural seaweed polysaccharides is ensuring their sustainable supply [95]. The
slow growth rate, seasonality and low extraction yields are the major limiting factors
in this regard. This problem can be overcome by using efficient screening technologies
that are leading to faster identification of the active compound. To achieve this, efficient
analytical tools like mass spectrometry, nuclear magnetic resonance can contribute to the
rapid identification of the active component [96,97]. Identifying these active entities can
allow the de novo structure determination even in very small concentrations in complex
crude extracts [98]. Once the active polysaccharide is identified, the sustainability issue
can be addressed by promoting the semi-synthesis of these active polysaccharides, such as
selective sulfation [99,100]. However, one of the most important parameters is to confirm if
this artificial synthesis can maintain the production of the desired active compound.

Identifying these lead compounds could avoid the problem of dereplication or “redis-
covery of the known”, which can be cost-effective and time-consuming [95,101]. Further-
more, it can also ensure the reproducibility of active molecules with detailed physicochem-
ical characteristics.

5.3. Need for an Improved Methodology for Antiviral Properties Assessment

Despite the greater influence and promising research towards natural marine products,
there are only eight FDA/EMEA approved drugs in the pharmaceutical pipeline [102],
with only one being approved for vRTIs. The major reason behind the discontinuation of
compounds from clinical trials is the lack of high in vivo efficacy. As a matter of fact, as
in vitro efficacy does not always predict in vivo efficacy, and improved preclinical method-
ology is required to access phase I/1I short clinical trials, as exemplified by identifying
new treatments against SARS-CoV-2. Furthermore, better crosstalk between basic sci-
ence and industry through introducing well-designed research tools could favor a more
comprehensive interpretation of data gained by academic researchers.

6. Conclusions

Besides other various biological activities, sulfated seaweed polysaccharides have
proven their broad-spectrum potential against various respiratory illnesses. This review
enlisted the potential of seaweed SPS as antiviral agents against various respiratory viruses.
In the discussed examples, it can be seen that the antiviral efficacy of these seaweed
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SPS is well documented through in vitro assays, which have identified common mecha-
nisms between the different seaweed polysaccharides. All these efforts can help provide
practical application and deliver natural, safe options to combat respiratory viral infec-
tions. Thus, modulating the research criteria according to their purity, sustainability, and
in vivo biological activity can increase the usefulness of these natural candidates. Their
proven potential should be extended through preclinical research to combat respiratory
infections/epidemics efficiently.

Author Contributions: Writing—original draft preparation: M.J.; C.M. and B.V.; conceptualization,
review and editing: M.].; M.D.; R.E; C.M. and B.V. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.
Acknowledgments: All figures were created with Biorender.com.

Conflicts of Interest: M.D. and R.F. are employees of Yslab. The funders had no role in the design of
the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and
in the decision to publish the results.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Tang, ].W.; Lam, T.T.; Zaraket, H.; Lipkin, W.I,; Drews, S.J.; Hatchette, T.F.; Heraud, ] M.; Koopmans, M.P.; Abraham, A.M.; Baraket,
A.; et al. Global Epidemiology of Non-Influenza RNA Respiratory Viruses: Data Gaps and a Growing Need for Surveillance.
Lancet Infect. Dis. 2017, 17, €320-e326. [CrossRef]

Watkins, K. Emerging Infectious Diseases: A Review. Curr. Emerg. Hosp. Med. Rep. 2018, 6, 86-93. [CrossRef] [PubMed]
Patchett, D.; Yang, J.; Northern, J.; Salinas, M.; Bauer, B.A. Viral Respiratory Infections: An Ounce of Prevention Is Worth a Pound
of Cure. Mayo Clin. Proc. Innov. Qual. Outcomes 2021, 5, 480—-485. [CrossRef]

Nicola, M.; Alsafi, Z.; Sohrabi, C.; Kerwan, A.; Al-Jabir, A.; losifidis, C.; Agha, M.; Agha, R. The Socio-Economic Implications of
the Coronavirus Pandemic (COVID-19): A Review. Int. ]. Surg. 2020, 78, 185-193. [CrossRef] [PubMed]

World Health Organization. Research Needs for the Battle against Respiratory Viruses (BRaVe). Future Virol. 2013, 1-42.

Van Doorn, H.R.; Yu, H. Viral Respiratory Infections, 2020, 10th ed.; Elsevier Inc.: Amsterdam, The Netherlands, 2020.

Al-Tawfik, ].A.; Memish, Z.A. Emerging Respiratory Viral Infections: MERS-CoV and Influenza. Lancet Respir. Med. 2014, 2, 23-25.
[CrossRef]

Zhang, N.; Wang, L.; Deng, X.; Liang, R.; Su, M.; He, C.; Hu, L.; Su, Y.;; Ren, J.; Yu, F; et al. Recent Advances in the Detection of
Respiratory Virus Infection in Humans. J. Med. Virol. 2020, 92, 408—417. [CrossRef]

Islam, M.T.; Sarkar, C.; El-Kersh, D.M.; Jamaddar, S.; Uddin, S.J.; Shilpi, ]J.A.; Mubarak, M.S. Natural Products and Their
Derivatives against Coronavirus: A Review of the Non-Clinical and Pre-Clinical Data. Phyther. Res. 2020, 34, 2471-2492.
[CrossRef]

Moriyama, M.; Hugentobler, W.J.; Iwasaki, A. Seasonality of Respiratory Viral Infections. Annu. Rev. Virol. 2020, 7, 83-101.
[CrossRef]

Troeger, C.E.; Blacker, B.F; Khalil, I.A.; Zimsen, S.R.M.; Albertson, S.B.; Abate, D.; Abdela, J.; Adhikari, T.B.; Aghayan, S.A;
Agrawal, S.; et al. Mortality, Morbidity, and Hospitalisations Due to Influenza Lower Respiratory Tract Infections, 2017: An
Analysis for the Global Burden of Disease Study 2017. Lancet Respir. Med. 2019, 7, 69-89. [CrossRef]

Shi, T.; Denouel, A.; Tietjen, A.K.; Campbell, I.; Moran, E.; Li, X.; Campbell, H.; Demont, C.; Nyawanda, B.O.; Chu, H.Y; et al.
Global Disease Burden Estimates of Respiratory Syncytial Virus-Associated Acute Respiratory Infection in Older Adults in 2015:
A Systematic Review and Meta-Analysis. |. Infect. Dis. 2020, 222, S577-5583. [CrossRef]

Herfst, S.; Bohringer, M.; Karo, B.; Lawrence, P.; Lewis, N.S.; Mina, M.].; Russell, C.J.; Steel, J.; de Swart, R.L.; Menge, C. Drivers of
Airborne Human-to-Human Pathogen Transmission. Curr. Opin. Virol. 2017, 22, 22-29. [CrossRef]

Shi, T.; McLean, K.; Campbell, H.; Nair, H. Aetiological Role of Common Respiratory Viruses in Acute Lower Respiratory
Infections in Children under Five Years: A Systematic Review and Meta—Analysis. J. Glob. Health 2015, 5, 1-10. [CrossRef]
Buetti, N.; Wicky, PH.; Le Hingrat, Q.; Ruckly, S.; Mazzuchelli, T.; Loiodice, A.; Trimboli, P.; Forni Ogna, V.; de Montmollin, E.;
Bernasconi, E.; et al. SARS-CoV-2 Detection in the Lower Respiratory Tract of Invasively Ventilated ARDS Patients. Crit. Care
2020, 24, 4-9. [CrossRef] [PubMed]

Murphy, K. SARS CoV-2 Detection from Upper and Lower Respiratory Tract Specimens: Diagnostic and Infection Control
Implications. Chest 2020, 158, 1804-1805. [CrossRef] [PubMed]

Linden, D.; Guo-Parke, H.; Coyle, P.V,; Fairley, D.; McAuley, D.F,; Taggart, C.C.; Kidney, J. Respiratory Viral Infection: A Potential
“Missing Link” in the Pathogenesis of COPD. Eur. Respir. Rev. 2019, 28, 1-14. [CrossRef]

Desforges, M.; Le Coupanec, A.; Dubeau, P.; Bourgouin, A.; Lajoie, L.; Dubé, M.; Talbot, P.J. Human Coronaviruses and Other
Respiratory Viruses: Underestimated Opportunistic Pathogens of the Central Nervous System? Viruses 2019, 12, 14. [CrossRef]
[PubMed]


http://doi.org/10.1016/S1473-3099(17)30238-4
http://doi.org/10.1007/s40138-018-0162-9
http://www.ncbi.nlm.nih.gov/pubmed/32226656
http://doi.org/10.1016/j.mayocpiqo.2020.12.008
http://doi.org/10.1016/j.ijsu.2020.04.018
http://www.ncbi.nlm.nih.gov/pubmed/32305533
http://doi.org/10.1016/S2213-2600(13)70255-8
http://doi.org/10.1002/jmv.25674
http://doi.org/10.1002/ptr.6700
http://doi.org/10.1146/annurev-virology-012420-022445
http://doi.org/10.1016/S2213-2600(18)30496-X
http://doi.org/10.1093/infdis/jiz059
http://doi.org/10.1016/j.coviro.2016.11.006
http://doi.org/10.7189/jogh.05.010408
http://doi.org/10.1186/s13054-020-03323-5
http://www.ncbi.nlm.nih.gov/pubmed/33066801
http://doi.org/10.1016/j.chest.2020.07.061
http://www.ncbi.nlm.nih.gov/pubmed/33160519
http://doi.org/10.1183/16000617.0063-2018
http://doi.org/10.3390/v12010014
http://www.ncbi.nlm.nih.gov/pubmed/31861926

Pharmaceutics 2021, 13, 733 12 of 15

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Brendish, N.J.; Clark, T.W. Antiviral Treatment of Severe Non-Influenza Respiratory Virus Infection. Curr. Opin. Infect. Dis. 2017,
30, 573-578. [CrossRef] [PubMed]

Pagarete, A.; Ramos, A.S.; Puntervoll, P.; Allen, M.].; Verdelho, V. Antiviral Potential of Algal Metabolites—A Comprehensive
Review. Mar. Drugs 2021, 19, 94. [CrossRef]

Peghin, M.; Danziger-Isakov, L. Prevention and Treatment of Respiratory Virus Infection. In Infectious Diseases in Solid-Organ
Transplant Recipients; Manuel, O., Ison, M., Eds.; Springer: Cham, Switzerland, 2019.

Papadopoulos, N.G.; Megremis, S.; Kitsioulis, N.A.; Vangelatou, O.; West, P.; Xepapadaki, P. Promising Approaches for the
Treatment and Prevention of Viral Respiratory Illnesses. . Allergy Clin. Immunol. 2017, 140, 921-932. [CrossRef]

Shie, ].].; Fang, ]. M. Development of Effective Anti-Influenza Drugs: Congeners and Conjugates—A Review. ]. Biomed. Sci. 2019,
26, 1-20. [CrossRef]

Dodge, M.J.; MacNeil, K. M.; Tessier, T.M.; Weinberg, ].B.; Mymryk, J.S. Emerging Antiviral Therapeutics for Human Adenovirus
Infection: Recent Developments and Novel Strategies. Antiviral Res. 2021, 188, 105034. [CrossRef]

Boyoglu-Barnum, S.; Tripp, R.A. Up-to-Date Role of Biologics in the Management of Respiratory Syncytial Virus. Expert Opin.
Biol. Ther. 2020, 20, 1073-1082. [CrossRef]

Kalergis, A.M.; Soto, J.A.; Galvez, N.M.S.; Andrade, C.A.; Fernandez, A.; Bohmwald, K.; Bueno, S. Pharmacological Management
of Human Respiratory Syncytial Virus Infection. Expert Opin. Pharmacother. 2020, 21, 2293-2303. [CrossRef] [PubMed]
Vivekanandhan, K.; Shanmugam, P.; Barabadi, H.; Arumugam, V.; Daniel Raj Daniel Paul Raj, D.; Sivasubramanian, M.;
Ramasamy, S.; Anand, K.; Boomi, P.; Chandrasekaran, B.; et al. Emerging Therapeutic Approaches to Combat COVID-19: Present
Status and Future Perspectives. Front. Mol. Biosci. 2021, 8, 1-10. [CrossRef]

Beigel, ]. H.; Nam, H.H.; Adams, PL.; Krafft, A.; Ince, W.L.; El-Kamary, S.S.; Sims, A.C. Advances in Respiratory Virus
Therapeutics—A Meeting Report from the 6th Isirv Antiviral Group Conference. Antiviral Res. 2019, 167, 45-67. [CrossRef]
[PubMed]

Shahani, L.; Ariza-Heredia, E.J.; Chemaly, R.F. Antiviral Therapy for Respiratory Viral Infections in Immunocompromised
Patients. Expert Rev. Anti. Infect. Ther. 2017, 15, 401-415. [CrossRef] [PubMed]

Krammer, F,; Smith, G.J.D.; Fouchier, R.A.M.; Peiris, M.; Kedzierska, K.; Doherty, P.C.; Palese, P.; Shaw, M.L.; Treanor, ].; Webster,
R.G.; et al. Influenza. Nat. Rev. Dis. Prim. 2018, 4, 1-21. [CrossRef] [PubMed]

Krylova, N.V.; Ermakova, S.P; Lavrov, V.F; Leneva, I.A.; Kompanets, G.G.; Iunikhina, O.V.; Nosik, M.N.; Ebralidze, L.K;
Falynskova, I.N.; Silchenko, A.S.; et al. The Comparative Analysis of Antiviral Activity of Native and Modified Fucoidans from
Brown Algae Fucus Evanescens in Vitro and in Vivo. Mar. Drugs 2020, 18, 224. [CrossRef]

Alfayate Miguélez, S.; Garcia-Marcos, L. Rational Use of Antimicrobials in the Treatment of Upper Airway Infections. J. Pediatr.
2020, 96, 111-119. [CrossRef] [PubMed]

Liu, Q.; Zhou, YH.; Ye, E; Yang, Z.Q. Antivirals for Respiratory Viral Infections: Problems and Prospects. Semin. Respir. Crit. Care
Med. 2016, 37, 640-646. [CrossRef]

Johnson, D.C. Antiviral Drugs for Common Respiratory Diseases What’s Here, What's to Come. Postgrad. Med. 1988, 83, 136-148.
[CrossRef]

Bilal, M.; Igbal, H.M.N. Marine Seaweed Polysaccharides-Based Engineered Cues for the Modern Biomedical Sector. Mar. Drugs
2020, 18, 7. [CrossRef]

Grice, 1.D.; Mariottini, G.L. Glycans with Antiviral Activity from Marine Organisms. In Marine Organisms as Model Systems in
Biology and Medicine. Results and Problems in Cell Differentiation; Kloc, M., Kubiak, J., Eds.; Springer: Berlin, Germany, 2018; pp.
439-475.

Wopker, PM.; Schwermer, M.; Sommer, S.; Langler, A.; Fetz, K.; Ostermann, T.; Zuzak, T.J. Complementary and Alternative
Medicine in the Treatment of Acute Bronchitis in Children: A Systematic Review. Complement. Ther. Med. 2020, 49, 102217.
[CrossRef]

Hans, N.; Malik, A.; Naik, S. Antiviral Activity of Sulfated Polysaccharides from Marine Algae and Its Application in Combating
COVID-19: Mini Review. Bioresour. Technol. Rep. 2021, 13, 100623. [CrossRef] [PubMed]

Damonte, E.; Matulewicz, M.; Cerezo, A. Sulfated Seaweed Polysaccharides as Antiviral Agents. Curr. Med. Chem. 2012, 11,
2399-2419. [CrossRef] [PubMed]

Ahmadi, A.; Zorofchian Moghadamtousi, S.; Abubakar, S.; Zandi, K. Antiviral Potential of Algae Polysaccharides Isolated from
Marine Sources: A Review. Biomed. Res. Int. 2015, 2015. [CrossRef]

Besednova, N.; Zaporozhets, T.; Kuznetsova, T.; Makarenkova, I.; Fedyanina, L.; Kryzhanovsky, S.; Malyarenko, O.; Ermakova, S.
Metabolites of Seaweeds as Potential Agents for the Prevention and Therapy of Influenza Infection. Mar. Drugs 2019, 17, 373.
[CrossRef]

Synytsya, A.; Bleha, R.; Synytsya, A.; Pohl, R.; Hayashi, K.; Yoshinaga, K.; Nakano, T.; Hayashi, T. Mekabu Fucoidan: Structural
Complexity and Defensive Effects against Avian Influenza A Viruses. Carbohydr. Polym. 2014, 111, 633-644. [CrossRef] [PubMed]
Mukherjee, S.; Ghosh, K.; Hahn, E; Wangen, C.; Strojan, H.; Miiller, R.; Anand, N.; Alj, I; Bera, K.; Ray, B.; et al. Chemically
Sulfated Polysaccharides from Natural Sources: Assessment of Extraction-Sulfation Efficiencies, Structural Features and Antiviral
Activities. Int. ]. Biol. Macromol. 2019, 136, 521-530. [CrossRef] [PubMed]

Zeng, K.; Groth, T.; Zhang, K. Recent Advances in Artificially Sulfated Polysaccharides for Applications in Cell Growth and
Differentiation, Drug Delivery, and Tissue Engineering. ChemBioChem 2019, 20, 737-746. [CrossRef]


http://doi.org/10.1097/QCO.0000000000000410
http://www.ncbi.nlm.nih.gov/pubmed/29095723
http://doi.org/10.3390/md19020094
http://doi.org/10.1016/j.jaci.2017.07.001
http://doi.org/10.1186/s12929-019-0567-0
http://doi.org/10.1016/j.antiviral.2021.105034
http://doi.org/10.1080/14712598.2020.1753696
http://doi.org/10.1080/14656566.2020.1806821
http://www.ncbi.nlm.nih.gov/pubmed/32808830
http://doi.org/10.3389/fmolb.2021.604447
http://doi.org/10.1016/j.antiviral.2019.04.006
http://www.ncbi.nlm.nih.gov/pubmed/30974127
http://doi.org/10.1080/14787210.2017.1279970
http://www.ncbi.nlm.nih.gov/pubmed/28067078
http://doi.org/10.1038/s41572-018-0002-y
http://www.ncbi.nlm.nih.gov/pubmed/29955068
http://doi.org/10.3390/md18040224
http://doi.org/10.1016/j.jped.2019.11.001
http://www.ncbi.nlm.nih.gov/pubmed/31857096
http://doi.org/10.1055/s-0036-1584803
http://doi.org/10.1080/00325481.1988.11700143
http://doi.org/10.3390/md18010007
http://doi.org/10.1016/j.ctim.2019.102217
http://doi.org/10.1016/j.biteb.2020.100623
http://www.ncbi.nlm.nih.gov/pubmed/33521606
http://doi.org/10.2174/0929867043364504
http://www.ncbi.nlm.nih.gov/pubmed/15379705
http://doi.org/10.1155/2015/825203
http://doi.org/10.3390/md17060373
http://doi.org/10.1016/j.carbpol.2014.05.032
http://www.ncbi.nlm.nih.gov/pubmed/25037398
http://doi.org/10.1016/j.ijbiomac.2019.05.005
http://www.ncbi.nlm.nih.gov/pubmed/31158418
http://doi.org/10.1002/cbic.201800569

Pharmaceutics 2021, 13, 733 13 of 15

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Wang, W.; Wang, S.X.; Guan, H.S. The Antiviral Activities and Mechanisms of Marine Polysaccharides: An Overview. Mar. Drugs
2012, 10, 2795-2816. [CrossRef] [PubMed]

Bobrovnitsky, I.P.; Mikhailov, V.I; Odinets, A.G.; Neretina, T.V.; Dobrynina, T.V.; Klinov, D.V. Study of the Structure of Fucoidan
(Isolated from Laminaria Japonica) and the Mechanism of Its Antiviral Activity by Atomic Force Microscopy. New Med. Technol.
2010, 2, 24-28.

Queiroz, K.C.S.; Medeiros, V.P,; Queiroz, L.S.; Abreu, L.R.D.; Rocha, H.A.O.; Ferreira, C.V.; Juca, M.B.; Aoyama, H.; Leite, E.L.
Inhibition of Reverse Transcriptase Activity of HIV by Polysaccharides of Brown Algae. Biomed. Pharmacother. 2008, 62, 303-307.
[CrossRef]

Wang, W.; Wu, J.; Zhang, X.; Hao, C.; Zhao, X,; Jiao, G.; Shan, X.; Tai, W.; Yu, G. Inhibition of Influenza A Virus Infection by
Fucoidan Targeting Viral Neuraminidase and Cellular EGFR Pathway. Sci. Rep. 2017, 7, 1-14. [CrossRef]

Makarenkova, I.D.; Logunov, D.Y.; Tukhvatulin, A.L; Semenova, LB.; Besednova, N.N.; Zvyagintseva, T.N. Interactions between
Sulfated Polysaccharides from Sea Brown Algae and Toll-like Receptors on HEK293 Eukaryotic Cells in Vitro. Bull. Exp. Biol. Med.
2012, 154, 241-244. [CrossRef]

Hayashi, K.; Lee, ].B.; Nakano, T.; Hayashi, T. Anti-Influenza A Virus Characteristics of a Fucoidan from Sporophyll of Undaria
Pinnatifida in Mice with Normal and Compromised Immunity. Microbes Infect. 2013, 15, 302-309. [CrossRef]

Bekerman, E.; Einav, S. Combating Emerging Viral Threats. Science 2015, 348, 282-283. [CrossRef] [PubMed]

Chen, X.; Han, W.; Wang, G.; Zhao, X. Application Prospect of Polysaccharides in the Development of Anti-Novel Coronavirus
Drugs and Vaccines. Int. |. Biol. Macromol. 2020, 164, 331-343. [CrossRef]

Leibbrandt, A.; Meier, C.; Konig-Schuster, M.; Weinmdillner, R.; Kalthoff, D.; Pflugfelder, B.; Graf, P.; Frank-Gehrke, B.; Beer, M.;
Fazekas, T.; et al. Iota-Carrageenan Is a Potent Inhibitor of Influenza a Virus Infection. PLoS ONE 2010, 5, 1-11. [CrossRef]

Sun, T.; Zhang, X.; Miao, Y.; Zhou, Y.; Shi, J.; Yan, M.; Chen, A. Studies on Antiviral and Immuno-Regulation Activity of Low
Molecular Weight Fucoidan from Laminaria Japonica. J. Ocean. Univ. China 2018, 17, 705-711. [CrossRef]

Grassauer, A.; Weinmuellner, R.; Meier, C.; Pretsch, A.; Prieschl-Grassauer, E.; Unger, H. Iota-Carrageenan Is a Potent Inhibitor of
Rhinovirus Infection. Virol. J. 2008, 5, 5-7. [CrossRef]

Hemild, H.; Chalker, E. Carrageenan Nasal Spray May Double the Rate of Recovery from Coronavirus and Influenza Virus
Infections: Re-Analysis of Randomized Trial Data. Research Square, preprint. Available online: https://assets.researchsquare.
com/files /rs-108775/v1/668450ee-3527-4c54-8ea5-da3298c76e84.pdf (accessed on 15 May 2021).

Ciejka, ].; Botwina Pawetand Nowakowska, M.; Szczubiatka, K.; Pyrc, K. Synthetic Sulfonated Derivatives of Poly (Allylamine
Hydrochloride) as Inhibitors of Human Metapneumovirus. PLoS ONE 2019, 14, 1-14. [CrossRef] [PubMed]

Matloub, A.A.; Elsouda, 5.5.M.; El-Senousy, WM.; Hamed, M.; Aly, H.; Ali, S.A.; Mohammed, R.S.; Mahmoud, K.; El-Hallouty, S.;
Ibrahim, N.A_; et al. In Vitro Antiviral, Cytotoxic, Antioxidant and Hypolipidemic Activites of Polysaccharide Isolated from
Marine Algae. Int. |. Pharmacogn. Phytochem. Res. 2015, 7, 1099-1111.

Witvrouw, M.; Este, ].A.; Mateu, M.Q.; Reymen, D.; Andrei, G.; Snoeck, R.; Ikeda, S.; Pauwels, R.; Bianchini, N.V.; Desmyter, J.; et al.
Activity of a Sulfated Polysaccharide Extracted from the Red Seaweed Aghardhiella Tenera against Human Immunodeficiency
Virus and Other Enveloped Viruses. Antivir. Chem. Chemother. 1994, 5, 297-303. [CrossRef]

Damonte, E.; Neyts, J.; Pujol, C.A.; Snoeck, R.; Andrei, G.; Tkeda, S.; Witvrouw, M.; Reymen, D.; Haines, H.; Matulewicz, M.C.;
et al. Antiviral Activity of a Sulphated Polysaccharide from the Red Seaweed Nothogenia Fastigiata. Biochem. Pharmacol. 1994, 47,
2187-2192. [CrossRef]

Tang, F; Chen, F; Li, F. Preparation and Potential in Vivo Anti-Influenza Virus Activity of Low Molecular-Weight $«$-
Carrageenans and Their Derivatives. J. Appl. Polym. Sci. 2013, 127, 2110-2115. [CrossRef]

Wang, W.; Zhang, P.; Hao, C.; Zhang, X.E.; Cui, Z.Q.; Guan, H.S. In Vitro Inhibitory Effect of Carrageenan Oligosaccharide on
Influenza A H1N1 Virus. Antiviral Res. 2011, 92, 237-246. [CrossRef]

Shao, Q.; Guo, Q.; Xu, W.P; Li, Z.; Zhao, T.T. Specific Inhibitory Effect of k-Carrageenan Polysaccharide on Swine Pandemic 2009
H1N1 Influenza Virus. PLoS ONE 2015, 10, 1-17. [CrossRef]

Jang, Y.; Shin, H.; Lee, M.K.; Kwon, O.S.; Shin, J.S.; Kim, Y,; Kim, C.W.; Lee, H.R.; Kim, M. Antiviral Activity of Lambda-
Carrageenan against Influenza Viruses and Severe Acute Respiratory Syndrome Coronavirus 2. Sci. Rep. 2021, 11, 1-26.
[CrossRef]

Yu, G,; Li, M.; Wang, W.; Liu, X.; Zhao, X,; Lv, Y,; Li, G,; Liao, G.; Zhao, X. Structure and Anti-Influenza A (H1N1) Virus Activity
of Three Polysaccharides from Eucheuma Denticulatum. . Ocean. Univ. China 2012, 11, 527-532. [CrossRef]

Chen, M.Z;; Xie, H.G.; Yang, L.W.; Liao, Z.H.; Yu, J. In Vitro Anti-Influenza Virus Activities of Sulfated Polysaccharide Fractions
from Gracilaria Lemaneiformis. Virol. Sin. 2010, 25, 341-351. [CrossRef] [PubMed]

Bansal, S.; Jonsson, C.B.; Taylor, S.L.; Manuel Figueroa, J.; Vanesa, A.; Palacios, C.; César Vega, ]. Iota-Carrageenan and Xylitol
Inhibit SARS-CoV-2 in Cell Culture. bioRxiv 2020. [CrossRef]

Morokutti-Kurz, M.; Froba, M.; Graf, P.; Gro8e, M.; Grassauer, A.; Auth, J.; Schubert, U.; Prieschl-Grassauer, E. Iota-Carrageenan
Neutralizes SARS-CoV-2 and Inhibits Viral Replication in Vitro. PLoS ONE 2021, 16, 1-13. [CrossRef]

Song, S.; Peng, H.; Wang, Q.; Liu, Z.; Dong, X.; Wen, C.; Ai, C.; Zhang, Y.; Wang, Z.; Zhu, B. Inhibitory Activities of Marine
Sulfated Polysaccharides against SARS-CoV-2. Food Funct. 2020, 11, 7415-7420. [CrossRef]

Morokutti-Kurz, M.; Graf, C.; Prieschl-Grassauer, E. Amylmetacresol/2,4-Dichlorobenzyl Alcohol, Hexylresorcinol, or Car-
rageenan Lozenges as Active Treatments for Sore Throat. Int. J. Gen. Med. 2017, 10, 53-60. [CrossRef] [PubMed]


http://doi.org/10.3390/md10122795
http://www.ncbi.nlm.nih.gov/pubmed/23235364
http://doi.org/10.1016/j.biopha.2008.03.006
http://doi.org/10.1038/srep40760
http://doi.org/10.1007/s10517-012-1922-2
http://doi.org/10.1016/j.micinf.2012.12.004
http://doi.org/10.1126/science.aaa3778
http://www.ncbi.nlm.nih.gov/pubmed/25883340
http://doi.org/10.1016/j.ijbiomac.2020.07.106
http://doi.org/10.1371/journal.pone.0014320
http://doi.org/10.1007/s11802-018-3794-1
http://doi.org/10.1186/1743-422X-5-107
https://assets.researchsquare.com/files/rs-108775/v1/668450ee-3527-4c54-8ea5-da3298c76e84.pdf
https://assets.researchsquare.com/files/rs-108775/v1/668450ee-3527-4c54-8ea5-da3298c76e84.pdf
http://doi.org/10.1371/journal.pone.0214646
http://www.ncbi.nlm.nih.gov/pubmed/30921418
http://doi.org/10.1177/095632029400500503
http://doi.org/10.1016/0006-2952(94)90254-2
http://doi.org/10.1002/app.37502
http://doi.org/10.1016/j.antiviral.2011.08.010
http://doi.org/10.1371/journal.pone.0126577
http://doi.org/10.1038/s41598-020-80896-9
http://doi.org/10.1007/s11802-012-2107-3
http://doi.org/10.1007/s12250-010-3137-x
http://www.ncbi.nlm.nih.gov/pubmed/20960180
http://doi.org/10.1101/2020.08.19.225854
http://doi.org/10.1371/journal.pone.0237480
http://doi.org/10.1039/D0FO02017F
http://doi.org/10.2147/IJGM.S120665
http://www.ncbi.nlm.nih.gov/pubmed/28280379

Pharmaceutics 2021, 13, 733 14 of 15

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Cao, Y.G.; Hao, Y,; Li, Z.H.; Liu, S.T.; Wang, L.X. Antiviral Activity of Polysaccharide Extract from Laminaria Japonica against
Respiratory Syncytial Virus. Biomed. Pharmacother. 2016, 84, 1705-1710. [CrossRef]

Kwon, PS.; Oh, H.; Kwon, SJ.; Jin, W.; Zhang, E; Fraser, K.; Hong, ].].; Linhardt, R.J.; Dordick, ].S. Sulfated Polysaccharides
Effectively Inhibit SARS-CoV-2 in Vitro. Cell Discov. 2020, 6, 4-7. [CrossRef] [PubMed]

Makarenkova, 1.D.; Deryabin, P.G.; Lvov, D.K,; Zvyagintseva, T.N.; Besednova, N.N. Antiviral Activity of Virus, Sulfated
Polysaccharide from the Brown Algae Laminaria Japonica against Avian Influenza A (H5N1) Infection in the Cultured Cells.
Probl. Virol. 2010, 1, 41-45.

Komatsu, T.; Kido, N.; Sugiyama, T.; Yokochi, T. Antiviral Activity of Acidic Polysaccharides from Coccomyxa Gloeobotrydiformi,
a Green Alga, against an in Vitro Human Influenza A Virus Infection. Immunopharmacol. Immunotoxicol. 2013, 35, 1-7. [CrossRef]
Ivanova, V.; Rouseva, R.; Kolarova, M.; Serkedjieva, J.; Rachev, R.; Manolova, N. Isolation of a Polysaccharide with Antiviral
Effect from Ulva Lactuca. Prep. Biochem. 1994, 24, 83-97. [CrossRef]

Mendes, G.d.S.; Soares, A.R.; Martins, FO.; de Albuquerque, M.C.M.; Costa, S.S.; Yoneshigue-Valentin, Y.; Gestinari, LM.d.S;
Santos, N.; Romanos, M.T.V. Antiviral Activity of the Green Marine Alga Ulva Fasciata on the Replication of Human Metapneu-
movirus. Rev. Inst. Med. Trop. Sao Paulo 2010, 52, 3-10. [CrossRef]

Hayashi, T.; Hayashi, K.; Maeda, M.; Kojima, I. Calcium Spirulan, an Inhibitor of Enveloped Virus Replication, from a Blue-Green
Alga Spirulina Platensis. ]. Nat. Prod. 1996, 59, 83-87. [CrossRef] [PubMed]

Kanekiyo, K.; Hayashi, K.; Takenaka, H.; Lee, J.B.; Hayashi, T. Anti-Herpes Simplex Virus Target of an Acidic Polysaccharide,
Nostoflan, from the Edible Blue-Green Alga Nostoc Flagelliforme. Biol. Pharm. Bull. 2007, 30, 1573-1575. [CrossRef]

Snell, N.J.C. New Treatments for Viral Respiratory Tract Infections—Opportunities and Problems. ]. Antimicrob. Chemother. 2001,
47,251-259. [CrossRef] [PubMed]

Wang, W.; Zhang, P; Yu, G.L.; Li, C.X,; Hao, C.; Qi, X.; Zhang, L.J.; Guan, H.S. Preparation and Anti-Influenza A Virus Activity of
$k$-Carrageenan Oligosaccharide and Its Sulphated Derivatives. Food Chem. 2012, 133, 880-888. [CrossRef]

Song, L.; Chen, X,; Liu, X.; Zhang, F.; Hu, L.; Yue, Y.; Li, K;; Li, P. Characterization and Comparison of the Structural Features,
Immune-Modulatory and Anti-Avian Influenza Virus Activities Conferred by Three Algal Sulfated Polysaccharides. Mar. Drugs
2016, 14, 4. [CrossRef]

Akamatsu, E.; Shimanaga, M.; Kamei, Y. Isolation of an Anti-Influenza Virus Substance, MC26 Virus, from a Marine Brown Alga
Sargassum Piluliferum and Its Antiviral Activity against Influenza. Coast. Bioenviron. 2003, 1, 29-34.

Chibanga, V.P; Dirr, L.; Guillon, P.; El-Deeb, .M.; Bailly, B.; Thomson, R.J.; von Itzstein, M. New Antiviral Approaches for Human
Parainfluenza: Inhibiting the Haemagglutinin-Neuraminidase. Antiviral Res. 2019, 167, 89-97. [CrossRef]

Graf, C.; Bernkop-Schniirch, A.; Egyed, A.; Koller, C.; Prieschl-Grassauer, E.; Morokutti-Kurz, M. Development of a Nasal Spray
Containing Xylometazoline Hydrochloride and Iota-Carrageenan for the Symptomatic Relief of Nasal Congestion Caused by
Rhinitis and Sinusitis. Int. |. Gen. Med. 2018, 11, 275-283. [CrossRef] [PubMed]

Ludwig, M.; Enzenhofer, E.; Schneider, S.; Rauch, M.; Bodenteich, A.; Neumann, K.; Prieschl-Grassauer, E.; Grassauer, A.; Lion, T.;
Mueller, C.A. Efficacy of a Carrageenan Nasal Spray in Patients with Common Cold: A Randomized Controlled Trial. Respir. Res.
2013, 14, 1. [CrossRef] [PubMed]

Eccles, R.; Winther, B.; Johnston, S.L.; Robinson, P.; Trampisch, M.; Koelsch, S. Efficacy and Safety of Iota-Carrageenan Nasal
Spray versus Placebo in Early Treatment of the Common Cold in Adults: The ICICC Trial. Respir. Res. 2015, 16, 1-11. [CrossRef]
[PubMed]

Koenighofer, M.; Lion, T.; Bodenteich, A.; Prieschl-Grassauer, E.; Grassauer, A.; Unger, H.; Mueller, C.A.; Fazekas, T. Carrageenan
Nasal Spray in Virus Confirmed Common Cold: Individual Patient Data Analysis of Two Randomized Controlled Trials.
Multidiscip. Respir. Med. 2014, 9, 1-12. [CrossRef]

Hebar, A.; Koller, C.; Seifert, ]. M.; Chabicovsky, M.; Bodenteich, A.; Bernkop-Schniirch, A.; Grassauer, A.; Prieschl-Grassauer, E.
Non-Clinical Safety Evaluation of Intranasal Iota-Carrageenan. PLoS ONE 2015, 10, 1-16. [CrossRef] [PubMed]

Harrach, B; Tarjan, Z.L.; Benk, M. Adenoviruses across the Animal Kingdom: A Walk in the Zoo. FEBS Lett. 2019, 593, 3660-3673.
[CrossRef] [PubMed]

Mohamed, S.; Hashim, S.N.; Rahman, H.A. Seaweeds: A Sustainable Functional Food for Complementary and Alternative
Therapy. Trends Food Sci. Technol. 2012, 23, 83-96. [CrossRef]

Torres, M.D.; Flérez-Fernandez, N.; Dominguez, H. Integral Utilization of Red Seaweed for Bioactive Production. Mar. Drugs
2019, 17, 314. [CrossRef]

Jiao, G.; Yu, G.; Zhang, J.; Stephen Ewart, H. Chemical Structures and Bioactivities of Sulfated Polysaccharides from Marine
Algae. Mar. Drugs 2011, 9, 196-223. [CrossRef]

Grii, N.; Groth, I; Alban, S. Evaluation of Seasonal Variations of the Structure and Anti-Inflammatory Activity of Sulfated Polysac-
charides Extracted from the Red Alga Delesseria Sanguinea (Hudson) Lamouroux (Ceramiales, Delesseriaceae). Biomacromolecules
2009, 10, 1155-1162.

Stengel, D.B.; Connan, S.; Popper, Z.A. Algal Chemodiversity and Bioactivity: Sources of Natural Variability and Implications for
Commercial Application. Biotechnol. Adv. 2011, 29, 483-501. [CrossRef] [PubMed]

Martins, A.; Vieira, H.; Gaspar, H.; Santos, S. Marketed Marine Natural Products in the Pharmaceutical and Cosmeceutical
Industries: Tips for Success. Mar. Drugs 2014, 12, 1066-1101. [CrossRef]


http://doi.org/10.1016/j.biopha.2016.10.082
http://doi.org/10.1038/s41421-020-00192-8
http://www.ncbi.nlm.nih.gov/pubmed/32714563
http://doi.org/10.3109/08923973.2012.710636
http://doi.org/10.1080/10826069408010084
http://doi.org/10.1590/S0036-46652010000100001
http://doi.org/10.1021/np960017o
http://www.ncbi.nlm.nih.gov/pubmed/8984158
http://doi.org/10.1248/bpb.30.1573
http://doi.org/10.1093/jac/47.3.251
http://www.ncbi.nlm.nih.gov/pubmed/11222557
http://doi.org/10.1016/j.foodchem.2012.01.108
http://doi.org/10.3390/md14010004
http://doi.org/10.1016/j.antiviral.2019.04.001
http://doi.org/10.2147/IJGM.S167123
http://www.ncbi.nlm.nih.gov/pubmed/30013382
http://doi.org/10.1186/1465-9921-14-124
http://www.ncbi.nlm.nih.gov/pubmed/24219370
http://doi.org/10.1186/s12931-015-0281-8
http://www.ncbi.nlm.nih.gov/pubmed/26438038
http://doi.org/10.4081/mrm.2014.392
http://doi.org/10.1371/journal.pone.0122911
http://www.ncbi.nlm.nih.gov/pubmed/25875737
http://doi.org/10.1002/1873-3468.13687
http://www.ncbi.nlm.nih.gov/pubmed/31747467
http://doi.org/10.1016/j.tifs.2011.09.001
http://doi.org/10.3390/md17060314
http://doi.org/10.3390/md9020196
http://doi.org/10.1016/j.biotechadv.2011.05.016
http://www.ncbi.nlm.nih.gov/pubmed/21672617
http://doi.org/10.3390/md12021066

Pharmaceutics 2021, 13, 733 15 of 15

96.

97.

98.

99.

100.

101.

102.

Lithn, S.; Grimm, J.C.; Alban, S. Simple and Rapid Quality Control of Sulfated Glycans by a Fluorescence Sensor Assay—
Exemplarily Developed for the Sulfated Polysaccharides from Red Algae Delesseria Sanguinea. Mar. Drugs 2014, 12, 2205-2227.
[CrossRef] [PubMed]

Koehn, FE.; Carter, G.T. The Evolving Role of Natural Products in Drug Discovery. Nat. Rev. Drug Discov. 2005, 4, 206-220.
[CrossRef] [PubMed]

Molinski, T.F,; Dalisay, D.S.; Lievens, S.L.; Saludes, ].P. Drug Development from Marine Natural Products. Nat. Rev. Drug Discov.
2009, 8, 69-85. [CrossRef] [PubMed]

Bedini, E.; Laezza, A.; Parrilli, M.; Iadonisi, A. A Review of Chemical Methods for the Selective Sulfation and Desulfation of
Polysaccharides. Carbohydr. Polym. 2017, 174, 1224-1239. [CrossRef]

Wang, Z.; Xie, J.; Shen, M.; Nie, S.; Xie, M. Sulfated Modification of Polysaccharides: Synthesis, Characterization and Bioactivities.
Trends Food Sci. Technol. 2018, 74, 147-157. [CrossRef]

Dias, D.A.; Urban, S.; Roessner, U. A Historical Overview of Natural Products in Drug Discovery. Metabolites 2012, 2, 303-336.
[CrossRef]

Pereira, L.; Critchley, A.T. The COVID 19 Novel Coronavirus Pandemic 2020: Seaweeds to the Rescue? Why Does Substantial,
Supporting Research about the Antiviral Properties of Seaweed Polysaccharides Seem to Go Unrecognized by the Pharmaceutical
Community in These Desperate Times? J. Appl. Phycol. 2020, 32, 1875-1877. [CrossRef]


http://doi.org/10.3390/md12042205
http://www.ncbi.nlm.nih.gov/pubmed/24727392
http://doi.org/10.1038/nrd1657
http://www.ncbi.nlm.nih.gov/pubmed/15729362
http://doi.org/10.1038/nrd2487
http://www.ncbi.nlm.nih.gov/pubmed/19096380
http://doi.org/10.1016/j.carbpol.2017.07.017
http://doi.org/10.1016/j.tifs.2018.02.010
http://doi.org/10.3390/metabo2020303
http://doi.org/10.1007/s10811-020-02143-y

	Introduction 
	Symptoms of Respiratory Viral Infections and Approved Therapies 
	Symptomatic Treatment 
	Antiviral Medication 

	Antiviral Activity of Sulfated Polysaccharides and Their Underlying Mechanisms of Action 
	Inhibition of Infection by Electrostatic Interaction 
	Inhibition of Infection by Allosteric Interaction 
	Modulation of Intracellular Antiviral Activity 

	Antiviral Activity of Seaweed Sulfated Polysaccharides against Respiratory Viruses 
	Coronaviruses 
	Influenza Virus 
	Human Parainfluenza Virus 
	Respiratory Syncytial Virus 
	Human Metapneumovirus 
	Human Rhinovirus 
	Adenoviruses 

	Limits to be Overcome for the Use of Seaweed Polysaccharides against Viral Respiratory Infections 
	Variability in Composition: Physicochemical Characterization 
	Complexity of Origin and Sustainability 
	Need for an Improved Methodology for Antiviral Properties Assessment 

	Conclusions 
	References

