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naturally occurring immunomodulators, present a picture of the current status of the field and provide
insight into the future opportunities and challenges for the discovery of new drugs to treat immune-related

diseases.

1. Introduction

Drug discovery from natural sources is going through a renaissance,
having spent many decades in the shadow of synthetic molecule drug
discovery, despite the fact that natural product-derived compounds
occupy a much greater chemical space than those created through
synthetic chemistry methods. With this new era comes new possibilities,
not least the novel targets that have emerged in recent times and the
development of state-of-the-art technologies that can be applied to drug
discovery from natural sources. Although progress has been made with
some immunomodulating drugs, there remains a pressing need for new
agents that can be used to treat the wide variety of conditions that arise
from disruption, or over-activation, of the immune system; natural
products may therefore be key in filling this gap. Recognising that, at
present, there is no authoritative article that details the current state-of-
the-art of the immunomodulatory activity of natural products, this in-
depth review has arisen from a joint effort between the International
Union of Basic and Clinical Pharmacology (IUPHAR) Natural Products
and Immunopharmacology Sections, with contributions from a number
of world-leading researchers in the field of natural product drug dis-
covery, to provide a “position statement” on what natural products has

to offer in the search for new immunomodulatory argents. To this end,
we provide a historical look at previous discoveries of naturally occur-
ring immunomodulators, present a picture of the current status of the
field and provide insight into the future opportunities and challenges for
the discovery of new drugs to treat immune-related diseases.

2. Immunomodulatory drugs from natural sources — a historical
perspective

2.1. Traditional medicines — the origin of natural product -derived drug
discovery

A majority of the world’s population relies on traditional medicine
for their healthcare [1] and at least 130 countries have formal programs
to engage traditional medicines at the national level [2]. Thus, the sci-
entific study of substances used medicinally, especially folk remedies, by
different ethnic or cultural groups (ethnopharmacology) has made a
substantial contribution to the discovery and development of modern
therapeutics [3]. Recent studies suggest that the historical ethno-
pharmacological uses of natural products as a preliminary screening
tactic are beneficial in the ultimate identification of bioactive
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Fig. 1. The intergenerational transfer of traditional medicine knowledge is the foundation of the ethnopharmacological approach to bioprospecting natural products.
There is a transfer of knowledge from individuals which is applied by the traditional healer and refined based on the results achieved through administration of the
therapy across generations. Ultimately, this iterative process results in a refined identification of the most effective natural product to treat a specific disorder. The
collection of ethnopharmacological data requires working with individuals possessing the knowledge of the use of the natural products as therapeutics. Individuals
with knowledge of the medicinal properties will often have cultivated specimens of the materials frequently used (A) and share standard documentation describing
the activity and goals of the work with all participants involved in the activity (B). The individuals with the medical knowledge are enthusiastic in sharing their
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Fig. 2. A. The ethnopharmacological approach to drug discovery. Ethnopharmacological data based on traditional use of a natural product is collected and compiled
into a database. The plants described with potential medicinal use are collected and extracts of the plants created. Those crude extracts are fractionated to remove the
common potential confounders and improve hit rate in standard screening assays. B. The requirement for a standardized resource to allow the broad and regular
application of ethnopharmacological data in the drug discovery process. Currently, the application of ethnopharmacological data is irregular and the data disparately
available except for a few notable resources. In order for ethnopharmacological data to be used regularly in the drug discovery process a standardized resource
containing the extrapolated pharmacologic function is necessary. In this example, there is documentation that the specific natural product is used topically to treat
sores with a white smelly ooze. That documented treatment paradigm is extrapolated to be treating a topical bacterial infection. Creation of a standardized database
with these extrapolated pharmacologic functions would allow efficient screening natural products with a historic use.

compounds [4-7] and there may be advantages further down the drug
development pipeline. However, these ethnopharmacological data have
yet to be broadly integrated and employed in drug discovery and
development. There is, however, an exciting resurgence of natural
products in drug discovery [8] and the emerging use of ethno-
pharmacological data [9,10] has the potential to further accelerate the
search for new therapeutics [3].

2.1.1. The opportunity to use ethnopharmacological data as a tool in drug
discovery

Ethnopharmacology is based on the recognition that natural prod-
ucts have been used as therapeutics throughout history [11]. This theory
is centred on the hypothesis that an iterative trial-and-error approach
was used to develop a collective understanding of the medicinal prop-
erties of natural products in the immediate environment (Fig. 1). This
collective medicinal understanding can be used as a tool to extract in-
formation regarding the therapeutic properties of the natural product
[12,13]. Employing ethnopharmacology in the process of drug discovery
and development is grounded in the information regarding how natural
products are used as medicines. A collection of these data requires
working directly with the individuals who are knowledgeable regarding
the uses of the natural products (Fig. 1), or using resources such as
historic texts describing how medicinal natural products have been used
[13]. The value of using these historic resources is that it is possible to
resurrect traditional medicine knowledge that may be lost through time
[13-15], and these efforts have been successful [12,16] and in one sit-
uation resulted in a clinical investigation [17]. However, work focusing
on using documented historical knowledge is obviously predicated on
the accurate documentation of the historic use of the natural products in
the first instance [18], and the heterogeneity of approaches to the
documentation of the uses of medicinal natural products [19] and the
varying quality of the ethnopharmacological assessment [20] are
particular challenges. Fortunately, guidelines for rigorous standards
have been developed [13] which allow statistical methods to be applied
[21,22] as the basis for a bioinformatics analysis assessing how well the
ethnopharmacological data fit expected models [23].

Screening of natural products is a resurging drug discovery paradigm
grounded in a range of advantages over combinatorial chemistry li-
braries [8].  Introducing  ethnopharmacology  into  this

natural-product-based investigation allows further, more informed,
refinement of the starting compounds for the screening effort (Fig. 2A).
Thus, as tools to take advantage of these benefits, and in some situations
secure intellectual property, there are multiple databases of natural
products such as the Universal Natural Product Database [24], Drug
Discovery Portal [25] and NAPRALERT [26] that provide information
for virtual screening programs. Furthermore, other databases such as the
Chinese Natural Product Database [27], Database from Historic Medi-
cine Plants [28], AfroDb [29], and NuBBE [30] provide information on
natural products used in the traditional medicines. While these natural
products based in traditional medicine use have been used to conduct
virtual screening programs [8,12,16] the traditional uses of these nat-
ural product resources are not always clearly included in the databases
and the diversity of approaches to documentation can be problematic
[19].

Beyond these databases, there are countless isolated studies con-
ducted by various groups throughout the world, documenting the his-
toric use of natural products as medicines. A sorely needed resource in
the field of ethnopharmacology is a comprehensive database that allows
mining of the extrapolated pharmacologic function of a natural product
from the historic uses of the natural product material (Fig. 2B). Although
there are standardized resources to categorize diseases [31] which could
provide the basis for this extrapolation, and some databases, such as
NAPRALERT™ provide pharmacologic information [26], there is no
systematic resource for extrapolation of pharmacologic function from
the reported uses of medical plants. This proposed database resource
would facilitate prospective evaluation to determine the value of
including the ethnopharmacological data in the natural product drug
discovery process.

2.1.2. The risks of using ethnopharmacological data in the drug discovery
process

While the theory underpinning the use of ethnopharmacology as a
tool in drug discovery is uncomplicated, and the promise of using eth-
nopharmacological data in the process is exciting, there are risks to
foundations of the field and the opportunity is irresolute:

e The two greatest risks are the generational loss of this medicinal
knowledge [32,33] and the loss of the biodiversity of natural product
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materials used in traditional medicines [34,35]. These two extinction
processes are particularly problematic because the loss of a species
used for medicinal purposes makes the generational passing of
knowledge difficult, and potentially impossible. There are multiple
studies showing that the loss of species, or reduction in prevalence,
requires healers to seek substitute species [36]. Thus, efforts to
document the ethnopharmacological use of natural products are
critical and simultaneously demonstrate the value of these data
through incorporating this information in the drug discovery and
development processes.

Detractors from ethnopharmacology as a tool in drug discovery posit
that the drug discovery process is too complex to randomly get
correct [37] based upon the fact that the robust design and detailed
interpretation of randomized double-blind placebo-controlled
studies are complex, requiring rigorous training and methodology
that was unavailable until relatively recently. Nevertheless there are
numerous examples of ethnopharmacological data leading to new
therapeutics [38-40].

Early efforts to employ ethnopharmacology as a tool in bio-
prospecting were confounded by issues around intellectual property
and equity sharing; however now there are established frameworks
and templates to navigate this potential challenge (see Section 5.5).

2.1.3. The future value of ethnopharmacology in drug discovery

Clearly screening both combinatorial chemistry and natural product
libraries is an effective approach to developing new drugs. However, the
discovery of artemisinin [39] and other ethnopharmacological successes
[40] shows that there is value in leveraging historic medicinal knowl-
edge of natural products. While the contemporary contribution of eth-
nopharmacology to drug discovery has generally been intermittent, the
goal moving forward, particularly in the context of the resources
available today, is to institutionalize the use of ethnopharmacology to
augment the drug discovery process and thereby accelerate the identi-
fication of new therapeutics. While it would be unwise to exclude
combinatorial chemistry libraries in screening efforts, it has been sug-
gested that frontloading the screening process with natural products
could potentially be beneficial [8]. We agree with that suggestion and
extend it further: frontloading the screening process with ethno-
pharmacological data has the potential to raise the hit rate even further
and accelerate the discovery of new therapeutics.

There has never been a more appropriate time to integrate ethno-
pharmacological data into the drug discovery and development pro-
cesses, and a concerted effort is required as these ethnopharmacological
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resources, and therefore their use as tools to facilitate the discovery of
new therapeutics, gradually disappear. One good example of how eth-
nopharmacological data can support drug discovery comes from the
historical treatment of malaria with natural products such as quinine
(from the cinchona tree; 45), only to be supplanted by the synthetic drug
chloroquine starting the in the 1960s [41]. Unfortunately, resistance to
these compounds was soon established and continues to spread [42]. In
1960, Youyou Tu initiated a screening program of Chinese Traditional
Medicines for antimalarials to support the communist allies of the
Vietnam War [43-45]. Extracts of Artemisia annua appeared promising,
but inconsistent, until the first-in-class compound, artemisinin, was
isolated and identified. Importantly, artemisinin affects the parasite
earlier in the life cycle compared to other available therapeutics, and in
2015 the Nobel Prize in Medicine was awarded for its discovery. How-
ever, the exact mechanism of action remains to be identified and is
believed to be promiscuous [46]. Unfortunately, resistance to Artemi-
sinin is also established [47] and new therapeutics continue to be
needed.

With respect to bioprospecting, India is unique in the efforts it makes
to preserve [48] and protect the intellectual property [49] surrounding
the uses of their traditional medicines [50] and maintain the desire to
keep ties with the historic use of the traditional medicine material [51].
Specifically, the Council of Scientific & Industrial Research has created
the Traditional Knowledge Digital Library (http://www.tkdl.res.in/)
with details of ~250,000 formulations [52] for global patent offices to
use as a reference tool for determining prior art. This resource has
become particularly important because of the resurgence of natural
products and traditional medicines as a tool for drug discovery [8].
Furthermore, the Indian Council of Medical Research (ICMR) has
worked to validate the efficacy of many traditional Indian therapies and
curate resources of historic use of medicinal plants [53,54]. This effort is
globally important as ~80% of the world’s population rely on tradi-
tional medicines for their primary healthcare tool [55] and Indian
traditional medicines are used globally [56,57]. There is a call for more
structured and rigorous evaluations of Indian traditional medicines [55,
58,59] and the Council of Scientific & Industrial Research has built a
robust foundation to facilitate these necessary investigations.

A popular biopiracy legend employed to illustrate the purported evils
of bioprospecting natural products surrounds the identification of
vincristine and vinblastine from Catharanthus roseus [60]. While the
legend varies, the general story is that scientists at Eli Lilly & Company
collected C. roseus in collaboration with individuals in Madagascar and
identified the plant as a potential chemotherapeutic. From this
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information, Eli Lilly & Company developed Velban® and Oncovin®
which generated a fortune for the organization, none of which went back
to individuals in Madagascar. The truth is different; since the mid-1700 s
C. roseus has certainly been cultivated globally allowing it to be inte-
grated into traditional medicine practices in numerous countries as a
treatment for diabetes, not cancer [61]. The chemotherapeutic potential
of C. roseus was identified by a chance observation in 1958 by a Cana-
dian investigator evaluating samples of C. roseus collected in Jamaica
[62]. The United Nations Convention on Biological Diversity assigns the
sovereign right to the providing country; however, as this plant is spread
throughout the world and was not previously used to treat cancer, there
was no biopiracy [63]. The important message contained in this story is
that bioprospecting is not inherently evil, but that assigning intellectual
property rights is challenging [64] and has the risk of becoming
emotionally charged.

2.2. Natural product and natural product-derived NME'’s - early
immunosuppressive drugs (Before the Late 1970s)

Although today, (06/2021) there are many drug entities that will
suppress (or if required, enhance) human immune processes, until the
advent of cyclosporin and a few other agents with similar activities (all
isolated from microbes in the later part of the 20th century) only a few
drug classes were available to aid in treatment of immunological dis-
eases of man, almost all of which required suppression of overactive
immune systems. The range of materials available for such use in 1970
and earlier was well covered in a review by Aisenberg in 1971 [65].
Suffice to say, none of the agent classes listed, with the exception of the
corticosteroids (covered later), were used to any extent after the iden-
tification/use of the microbial products (cyclosporin, rapamycin, the FK
series etc.) in the early to late 1970s. Those readers who are old enough
will remember the failures of attempts at long-term organ replacements,
unless from very closely matched donor/recipient pairs from an HLA
perspective. Even then, the majority of transplanted organs were
rejected by the recipient(s) in relatively short time frames (frequently
less than a year).

This section will consider the early/historical treatment of asthma
with natural products and their derivatives, as an optimal example of
both an allergic and an immune related disease and briefly discuss the
revolution caused by the discovery of cyclosporins and similar drugs as
immunosuppressants in the 1970 s

2.2.1. Natural product-derived immunosuppressants and asthma

2.2.1.1. Theophylline and derivatives. One “relative success” in the early
days, before the full recognition that asthma had an IgE component in
many cases of this disease, was the use of the purine derivative
theophylline and simple derivatives (Fig. 3A) before the advent of
bronchodilators (vide infra). Theophylline was first isolated from tea
leaves in the middle 1880s, with the first reports by Kossel in 1888 [66]
and 1889 [67] followed relatively soon afterwards by total syntheses by
Fischer and Ach [68] in 1895 and a much fuller report covering syn-
theses of xanthines, including theophylline, by Traube [69] in 1900.
Since there are no useful natural sources of theophylline that can be
“extracted to give large quantities” today (despite reports in the late
1990s that there were elevated levels in some cocoa beans; T. cacao,
strain Criollo), then either total synthesis or simple demethylation of
caffeine is used. Granted these are not immunomodulators, but in the
early 1900s the basic treatment for asthma could be best described as
“opening the passageways”, as the only (partially) effective technique. A
1947 paper by Prigal et al. [70] gives some of the history of the usage of
theophylline and its simple derivatives in the USA, beginning with the
report by Herrmann and Aynesworth [71] of the IV use of the theoph-
ylline derivative aminophylline (theophylline ethylene diamine;
Fig. 3A) in 1937. In 1941, the subsequent review by Young and Gilbert
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covered the use of the same theophylline derivative [72]. Even today,
some variants of theophylline remain part of the physician’s arma-
mentarium in specific cases.

2.2.1.2. Adrenergic agents and derivatives. Initially these agents, which
were either products isolated from the adrenal gland(s) of mammals or
synthetic chemical analogues that bound to the same receptor site(s),
were based upon adrenaline (ephedrine; Fig. 3B). Adrenaline itself was
first isolated from adrenal glands in 1901 by Takamine [73]. Although
not related to asthma or immuno-modifying agents, a 2016 review by
Newman'® covered the history of these agents from a chem-
ical/biochemical aspect and pointed out that the later concept of
different types of p-adrenoceptors enabled the pharmacology of these
agents/derivatives to be understood at the molecular level as time and
usage evolved. As treatments evolved pre and during WWII, the use of
isoproterenol (Fig. 3C), a non-specific f-adrenoceptor agonist first syn-
thesized in the late 1930511, took over from adrenaline and, as shown in
Newman, [74] many more specific agents directed at adrenoceptors
have now been discovered and remain in use.

2.2.1.3. Mixed treatments including sodium cromoglycate. Interestingly,
there are numerous publications (even into the 1970s) that continued to
advocate the use of bronchodilators plus theophylline, and even sug-
gested the use of sodium cromoglycate (Fig. 3D), in the management of
asthma. Although a synthetic compound, the base structure of sodium
cromoglycate was related to was related to khellin, a plant chromone,
and was used for some years as a direct treatment for asthma. Sodium
cromoglycate acts on mast cells, to inhibit the release of histamine and
“slow reacting substance of anaphylaxis” (SRS-A) when challenged by
an appropriate antigen [75]. In 1980, SRS-A was identified as a mixture
of leukotrienes (Fig. 3E) LTC4, LTD4 and LTE4 which, following secre-
tion from mast cells, induces inflammation and is a major bronchocon-
strictor in asthma [76]. Thus another immunoactive secretion was
identified that had significant effects on the etiology of asthma. A review
by Lai and Manley [77] in 1984 explains in more detail the interplay in
the arachidonic acid cascades and has extensive citations to prior
chemical, biochemical and pharmacological reports. A more recent re-
view by Di Gennaro and Haeggstrom in 2011 on these agents provides
information on later developments on their involvement in
immune-related diseases [78].

2.2.1.4. Corticosteroids. Concomitant with the use of bronchodilators
was the recognition that administration of corticosteroids could help
reduce the severity of asthmatic attacks, since it was assumed at the time
that this disease was always an inflammatory response to allergens and
steroids were a primary treatment for inflammation. The compounds
used ranged from “natural steroids” (though usually made synthetically)
to “molecules related to the basic steroid chemical nucleus” but modi-
fied to give better pharmacological properties. (Fig. 3F). Until the
advent of synthetically modified agents, cortisone or its hydroxy
equivalent cortisol were the major steroids used. In the review by
Aisenberg [65], there is one reference to the “extensive use” of predni-
sone as an immunosuppressant in man [79]. In the 7th (1985) edition of
Goodman and Gilman [80] a table of relative anti-inflammatory po-
tencies of the corticosteroids demonstrates that, although the natural
agents had up to a four-fold increase in efficacy when compared to
cortisol (hydrocortisone), fluorine substituted derivatives were up to 25
times more effective as anti-inflammatory agents. Likewise, in the 2nd
(1980) edition of Bowman and Rand [81], there is a comparable table
that also shows the greater efficacy of the fluorinated corticosteroids
such as triamcinolone and beclomethasone.

2.2.2. Microbial-derived immunosuppressants

2.2.2.1. Cyclosporin. Although microbial products as antibiotics were
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well established by the middle 1950s, it was not until the report in 1976
by the Sandoz group, led by Stahelin, on the discovery of cyclosporin
(Fig. 3G) that opened up the potential for their use in organ trans-
plantation from non-matched donors [82]. Cyclosporine, isolated from
the fungus Tolypocladium inflatum, was initially discovered in 1971 using
a screening test for immunosuppression, and was further confirmed the
same year. That it had potential immunosuppressive activities, and
indeed was the first immunosuppressive drug that allowed selective
immunoregulation of T cells without excessive toxicity, is covered in an
exhaustive report published by Riiegger et al. [83]. The first report of the
use of cyclosporin in human transplantation was the paper in the Lancet
by Calne et al. [84], and since then it has been one of the mainstays of
immunosuppressive  therapy for transplantation. A  second
microbial-derived compound, rapamycin (also known as sirolimus), was
first isolated from the bacterium Streptomyces hygroscopicus in 1972 and
was initially developed as an antifungal agent [85] until its immuno-
suppressant properties (through inhibition of mTor) were identified.
Rapamycin is now often used alongside a further microbial-derived
immunosuppressant tacrolimus (FK506), which was first isolated from
the soil bacterium Streptomyces tsukubaensis in 1987 [86], that binds to
the protein immunophilin (FKBP12) to prevent activation of nuclear
factor of activated T-cells (NF-AT). Historically speaking, these agents
and derivatives effectively revolutionized the management of rejection
following organ transplantation.

3. Sources of natural products as novel immunomodulating
drugs

3.1. The importance of natural products immunopharmacology

Noncommunicable diseases (NCDs) include all the diseases that are
not transmissible directly from one person to another. They comprise
cardiovascular disease, cancer, chronic respiratory diseases, diabetes,
neurological disorders and most of the chronic inflammatory pathol-
ogies. It is now established that the immune system and inflammatory
processes are involved in most NCDs that represent the most common
cause of mortality and morbidity worldwide [87]. Furthermore,
communicable diseases (CDs) are pivotally dependent on immune

system responses (see below) where the effects of natural products have
not been fully evaluated. The difference between rich and poor in their
susceptibility to CDs and NCDs is still highly apparent (Fig. 4), so the
contribution of immunopharmacology in the developing world is crucial
to healthcare. Nevertheless, the Global Burden of Disease (GBD) report
published in 2019 [88] has clearly shown that most of the sub-Saharan
African countries are undergoing a demographic transition leading to
increasing prevalence of NCDs, as is already occurring in countries such
as India. This is posing an increasing challenge for the fragile and
overburdened health systems which are the norm in many low- and
middle-income countries (LMICs), and which have to date largely
focused on tackling infectious diseases and maternal/child mortality. In
this context, the access to affordable and reliable immunomodulatory
and anti-inflammatory drugs will be key for the future of LMICs and will
help to achieve the United Nations’ Sustainable Development Goal 3.4 of
“a one-third reduction in premature deaths between 30 and 70 years of
age from the four major NCDs”.

To date, we have access to broad spectrum of immunomodulants,
from the conventional glucocorticoids that are still widely used, and
indeed one of the very few drugs able to significantly reduce mortality in
hospitalised severe COVID-19 patients [89], to the broad range of
monoclonal antibodies widely used in chronic inflammatory disorders
[90]. More recently, checkpoint inhibitors have represented a major
breakthrough in cancer immunotherapy, being able to boost the im-
mune system curing patients with end-stage cancer, a discovery that led
to the award of the 2018 Nobel Prize in Physiology or Medicine to
Tasuku Honjo and James Allison [91]. However, the major factor
limiting the widespread use of biologics in LMICs is their prohibitive
cost. The potential market for novel and established NP immunother-
apies is huge worldwide and will allow greater patient access to treat-
ment through cost savings. The following sections will give some insight
as to the existing range of immunomodulating agents available from a
variety of natural sources, to provide a starting point for further
exploitation of these natural resources for the development of novel
drugs acting on the immune system.
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3.2. Terrestrial plants as sources of Immunomodulators

3.2.1. Vaccine adjuvants

The role of terrestrial plants as sources of medicines is evolving;
plants are not just confined to providing or inspiring pharmaceutical
drugs as ‘single active ingredients’, or to their value as traditional
medicines globally. Indeed, the soapbark tree (Quillaja saponaria), native
to Central Chile [92], provides vaccine adjuvant chemicals (QS-21) for
our armoury against diseases including COVID-19, the coronavirus that
caused a global pandemic in 2020 (Supplementary Table 1). QS-21 is a
mixture of two isomeric triterpene saponins that have the same adju-
vanticity and only differ in the terminal sugar unit (either p-D-apiofur-
anosyl or p-D-xylopyranosyl) of the tetrasaccharide connected to the
C28 carboxyl group of the quillaic acid aglycone [93]. There are some
limitations for the use of QS-21 as a vaccine adjuvant, including
chemical instability, dose-limiting toxicity, and supply and purification
challenges, therefore QS-21 is typically formulated as a matrix (e.g.
ISCOMATRIX™, Matrix-M™) with other agents to retain stability,
adjuvant activity and to reduce toxicity [94]. Alternative strategies to
overcome these limitations are also being evaluated, which include
investigation of other Q. saponaria saponins, and the development of
synthetic analogues and conjugates [95-97]. These alternatives could
offer hope for more sustainable sources of effective vaccine adjuvants for
the future. For example, QS-7, also from Q. saponaria, has similar
adjuvanticity to QS-21 (induces a balanced Th1/Th2 response and
potent CD8 + CTL production) but is less haemolytic, so has been used
as a template to design synthetic analogues, including those with
different immunomodulatory profiles [95]. A range of other terrestrial
plants have been the subject of scientific research to identify saponins
with immunomodulatory effects that have potential for development as
future vaccine adjuvants; these include Q. lancifolia, a tree native to
Peru, Brazil, Uruguay and Argentina, in addition to plants in various
other genera [98] (Supplementary Table 1).

To meet global demands for vaccine manufacture, there has also
been interest in the development of carbohydrate-based adjuvants,
including those derived from plants, as a number of these activate both
humoral and cellular immune responses against pathogens. Plant-
derived polysaccharides, including fructans (e.g. inulin), arabinans (e.
g. from almond [Prunus amygdalus] seeds), mannans and glucans, have
shown adjuvant effects, as reviewed [99,100]. Polysaccharides from
Angelica sinensis, Alhagi pseudoalhagi, flaxseed (Linum usitatissimum) and
Actinidia eriantha mediate adjuvant effects, thus are under investigation
for this purpose [100,101]; while ginsan, a polysaccharide from ginseng
(Panax ginseng) shows immunomodulatory and adjuvant effects, the
latter when combined with an H5N1 influenza vaccine [102]. Ginseng
saponins also show promise as potential vaccine adjuvant candidates
(Supplementary Table 1).

A number of carbohydrate-based vaccine adjuvants are under
investigation in clinical trials and have been the subject of patents; these
include a novel plant saccharide based on p-glucopyranosiduronic acid,
a trehalose glycolipid derivative, and glucans [100]. a-Glucans with
adjuvant activity include those from the roots of certain Astragalus
species (also a source of adjuvant saponins; Supplementary Table 1),
Tinospora cordifolia, Lonicera japonica and Actinidia chinensis; this class of
adjuvants (including glucan derivatives) has been of particular interest
for application as mucosal adjuvants due to their biocompatible and
biodegradable nature, although their isolation and purification poses
technical challenges [99], and if not adequately purified, may be toxic
[100]. The p-glucan curdlan (occurs in higher plants and also fungi) and
its derivatives have also been investigated as potential nasal mucosal
adjuvants [100]. Carbohydrates derived from traditional Chinese me-
dicinal plants are also under evaluation as potential vaccine adjuvants
[103]. More research is needed to further assess the potential of
carbohydrate-based adjuvants for vaccine development, particularly
their potential as mucosal adjuvants, and their efficacy and safety. If the
technical challenges of the chemical complexity and purification of
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carbohydrate-derived adjuvants can be overcome, there is much po-
tential to develop these as biocompatible vaccine adjuvants, derived
sustainably from plant sources, to expand the currently limited reper-
toire of available vaccine adjuvants.

With the global demand for vaccines against current and emerging
infectious diseases, the search for suitable vaccine adjuvants may
accelerate. Yet it has been proposed that the future of vaccine adjuvants
will involve advances in synthetic components, rather than natural
products [104]. However, if effective natural product analogues can be
synthesised, the role of natural products as lead scaffolds for adjuvant
use would remain important in future vaccine development. Further-
more, the untapped potential of terrestrial plants as potential sources of
useful vaccine adjuvants remains largely unexplored; indeed, there are
an estimated 343,000 vascular plant species known to science [105]
with the majority not explored for their potential to yield next genera-
tion adjuvants or indeed, new pharmaceuticals for other medicinal ap-
plications. A recent review highlights the unmet need for new candidate
adjuvants, emphasising that their discovery needs to be more system-
atic, combining high-throughput screening, computational virtual
screening and QSAR optimisation [106]. Here we propose that a sys-
tematic, more strategic, focused and efficient approach for vaccine dis-
covery from plants could also be underpinned by applying phylogenetic
approaches for drug discovery (see 5.1).

Another consideration is that plant-derived vaccine adjuvants should
be sustainably sourced, so that obtaining the required plant material
does not threaten the survival of species. For example, harvesting certain
plant parts, particularly bulbs, bark and roots, can be destructive and
often leads to the death of the plants [107]. Therefore, of the potential
vaccine adjuvants from plant sources already identified (including those
in Supplementary Table 1), or to be identified in future, those sourced
from species in a way that is not destructive to the plant, and sourced
sustainably from cultivated instead of wild-harvested material, or
sourced through other technologies, such as through plant cell cultures
or total synthesis, would be preferred so that strategies for sourcing
them are harmonised with those for biodiversity conservation. Other
scientific advances may also support more sustainable sourcing of vac-
cine adjuvants originally from plants. Understanding the genes and
enzymes involved in the biosynthetic pathways for synthesis of natural
product vaccine adjuvants, mean these pathways can be expressed in
other organisms (fungal, plant or bacterial) such that the resulting
engineered ‘cell factories’ offer an alternative way to synthesise plant
natural products for medicinal applications [107]. This approach has
already been shown to be successful for the synthesis of certain phar-
maceutical compounds originally produced by plants [107] and could
enable the more sustainable production of natural product-derived ad-
juvants for the future to meet global demands for vaccine production.

3.2.2. Immunomodulators for cancer treatment

In addition to infectious diseases, modulation of the immune system
is also a target in current and emerging cancer therapies [108]. In
addition to plant-derived vaccine adjuvants (discussed above; Supple-
mentary Table 1) for use in cancer immunotherapy, certain plant com-
pounds can modulate the immunogenicity of cancer cells [108]. For
example, the naphthoquinone shikonin from Lithospermum erythrorhizon
root (a traditional Chinese medicine) and cardenolides and their gly-
cosides from foxgloves (Digitalis species) induce the hallmarks of
immunogenic cell death; for example, shikonin induces immunogenic
apoptosis, while cardenolide-based compounds stimulate anticancer
immune responses in vivo [108]. Other plant-derived compounds can
also modulate immunogenic cell death, including those already in
clinical use for cancer, such as paclitaxel (originally from the Pacific yew
tree, Taxus brevifolia), which although has the principal mode of action
of stabilising microtubule assembly [109], new insights into the
immunogenic effects could refresh current approaches for its clinical
use. Colchicine, an alkaloid from the autumn crocus (Colchicum autum-
nale) is used for gout [110], but its ability to modulate immunogenic cell



Table 1
Marine natural products with anti-inflammatory activity and affecting the immune system in 2016-2017.

Drug Class Natural product/ marine source” Chemistry Pharmacological activity ICso” MMOA® Country References

Anti- AMT-E/alga Terpenoid® Murine colitis inhibition model 10 mg/kg* * Inhibition of TNF-q, IL-6 ESP, MAR [131]
inflammatory

Anti- Bacillus sp. diketopiperazines Peptide’ Murine sepsis model 10 pM* * TGFBIp inhibition in vivo S. KOR [132]
inflammatory /bacterium

Anti- 6-bromoisatin/mollusk Alkaloid Murine lung inflammation model 0.05 mg/g* * Inhibition of TNF-«, IL-6 AUS [133]
inflammatory

Anti- excavatolide B/soft coral Terpenoid® Rat arthritis model 2.5,5mg/ Decreased MMP-2, MMP-9, CD11b in tissues CHN, TWN [134]
inflammatory kg* *

Anti- fucoxanthin/alga Terpenoid® Murine paw edema and ear inflammation 4 mg/kg* * Modulation of iNOS, PLA,, COX-2, ACC, IL-6 and JPN, S. KOR, [135]
inflammatory model Nrf2 expression MEX

Immune system LPS/cyanobacterium Polysaccharide/ Rat brain microglia model 10 pg/mL* TNF-a, IL-6, MMP-9, MIP-2, IP-10, MIP-1a, MCP-1 USA [139]

Polyketide®
Immune system cucumarioside Ay-2/sea cucumber  Terpenoid® Murine spleen and macrophage activation 3 mg/kg* * Increased B cell PCNA and M1 macrophages RUS, TWN [138]
model

Anti- cucumarioside Ay-2/sea cucumber ~ Terpenoid® Murine macrophage P2X purinergic 0.02 pM* Induction Ca®" oscillations RUS [137]
inflammatory receptors binding

Anti- curvularin derivative/fungus Polyketide® Murine macrophage PGE, and NO release 1.9-2.7 yM NF-kB signaling inhibition S. KOR [138]
inflammatory inhibition

Anti- 9,11-dihydrogracilin A /sponge Terpenoid® PBMC proliferation inhibition 3 uM* IL-6 and IL-10 inhibition ITA [140]
inflammatory

Anti- ogipeptins A-D /bacterium Peptide’ Human macrophage TNF-a release 1uM * Block LPS binding to CD14 JPN [141]
inflammatory inhibition

Immune system gracilins A, H and L/sponge Terpenoid® Human peripheral lymphocytes IL-2 release 1 pM * CD147 receptor modulation ESP, GBR [142]

inhibition

Abbreviations: ACC: acetyl-CoA carboxylase; CD: cluster of differentiation; COX: cyclooxygenase; IL: interleukin; iNOS: inducible nitric oxide synthase; IP-10: interferon gamma-induced protein 10 kDa; MCP-1: monocyte
chemotactic protein-1; MIP-1a: macrophage inflammatory protein-1; MIP-2: macrophage inflammatory protein-2; MMP-9: matrix metalloproteinase-9; NF-kB: nuclear factor kappa-light-chain-enhancer of activated B
cells; NO: nitric oxide; Nrf2-ARE: nuclear transcription factor E2-related factor antioxidant response element; PBMC: human peripheral blood mononuclear cells; PCNA: proliferating cell nuclear antigen; PLA,: phos-

pholipase A,; TGFBIp: transforming growth factor p- induced protein; TNF-a: tumor necrosis factor-a.

# Organism: Kingdom Animalia: coral (Phylum Cnidaria); sea cucumber (Phylum Echinodermata); turrid snail (Phylum Mollusca); sponge (Phylum Porifera); Kingdom Fungi: fungus; Kingdom Plantae: alga; Kingdom
Monera: bacterium.

b ICsp: concentration of a compound required for 50% inhibition, * : apparent ICsg, * * in vivo study.
¢ MMOA: molecular mechanism of action.
d Country: AUS: Australia; CHN: China; ESP: Spain; GBR: United Kingdom; JPN: Japan; MAR: Morocco; MEX: Mexico; RUS: Russian Federation; S. KOR: South Korea; TWN: Taiwan.

¢ Terpene.

f Nitrogen-containing compound.
& Chemistry: Polyketide.
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death has stimulated interest in its potential use in cancer immuno-
therapy [108].

3.2.3. Other plant-derived compounds as immunomodulators

Plant-derived steroidal compounds such as diosgenin from yams
(Dioscorea species) and hecogenin from Agave sisalana have been used in
the manufacture of pharmaceutical corticosteroids to provide drugs for
immune-mediated disorders [107,110]; although other than this role in
drug manufacture, plant compounds have had a limited role in immu-
nomodulatory drug development. Greater scrutiny of plant compounds
is therefore needed if plants are to be a future source of new immuno-
modulatory drugs. Since numerous plant-derived alkaloids have been
instrumental in drug discovery for various diseases [110,111], this
compound class could be prioritised for future immunomodulatory drug
discovery. Certain plant alkaloids with immunomodulatory activity
have been investigated in this respect, including those with potential
applications in autoimmune disorders (e.g. alkaloids from Thalictrum
cirrhosum) [112], and in type I diabetes (e.g. tetrandrine from Stephania
tetrandra) [113].

3.2.4. Drug repurposing opportunities

The future for natural product immunomodulators derived from, or
inspired by, plant compounds could also be in drug repurposing. For
example, one compound class of current and future interest to develop
as potential immunomodulatory drugs are the cannabinoids, which
occur in Cannabis sativa. Natural cannabinoids or synthetic derivatives
have pharmaceutical applications for anti-emesis following chemo-
therapy, managing seizures and for multiple sclerosis (MS). Cannabi-
noids have been shown to target cannabinoid 2 receptors expressed on
immune cells, including CNS microglia, to modulate immune responses
during inflammatory processes [114]. Although nabiximols (includes
cannabidiol and dronabinol) are currently used for symptomatic relief of
spasticity in MS [115], the immunomodulatory effects of cannabinoids
have opened up other opportunities for their therapeutic use in MS
beyond reducing spasticity, and for use in other diseases. Cannabinoids,
cannabidiol in particular, have been evaluated in MS models and they
improve disease outcomes and mediate immunomodulatory effects via a
range of mechanisms, including suppression of T-cell proliferation, as
reviewed previously [114,116]. In animal models of arthritis and sys-
temic sclerosis, cannabinoids show immunomodulatory effects; how-
ever, when they have been evaluated for efficacy in RA, osteoarthritis
and fibromyalgia in clinical trials, results have been inconclusive;
therefore, robust controlled trials are needed to establish whether can-
nabinoids could modulate disease progression and symptoms, not only
in rheumatic diseases [117], but other diseases involving immune
function. Another pharmaceutical drug example for potential drug
repurposing is the hypoglycaemic drug metformin, a compound with a
chemical structure that has its origins in an alkaloid that occurs in the
plant goat’s rue (Galega officinalis) [110]. Although a drug licensed for
use in diabetes, metformin’s immunomodulatory effects have sparked
interest in repurposing this drug for treating COVID-19 [118] and
tuberculosis [119].

3.3. Marine organisms as sources of immunomodulators

3.3.1. Marine-derived anti-inflammatory and immunomodulating natural
products

The anti-inflammatory and immune system pharmacology of marine
natural products (MNPs) has been consolidated in a series of compre-
hensive and systematic reviews since 1998 [120-130]. This brief over-
view is limited to immunomodulating MNPs that have been studied
mechanistically in either in vivo or in vitro experimental models during
2016-2017. The MNPs shown in Table 1 were sourced from a diversity
of marine organisms: brown algae, mollusks, sponges, soft corals, sea
cucumbers, bacteria and fungi.

In vitro preclinical pharmacology research of MNP was completed
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using several in vitro experimental inflammation paradigms: murine
dextran sodium sulphate (DSS)-induced colitis, murine sepsis, murine
lung inflammation, rat arthritis, murine paw edema and ear inflamma-
tion, and murine spleen and macrophage activation (Table 1). The
meroterpene 11-hydroxy-1’-O-methylamentadione (AMT-E), isolated
from the marine brown alga Cystoseira usneoides, prevented body weight
loss and reduced colonic damage in a murine (DSS)-induced colitis
model through a mechanism that reduced myeloperoxidase activity, the
release of cytokines tumour necrosis factor-o (TNF-a), interleukin-1p
(IL-1B), and IL-10, and both nitric oxide synthase (iNOS) and
cyclooxygenase-2 (COX-2) expression [131]. Three cyclic peptide
diketopiperazines, isolated from Korean marine sediment-derived bac-
teria Bacillus sp. HCO01 and Piscicoccus sp. 121081, were found to inhibit
lipopolysaccharide (LPS)-induced and transforming growth factor
beta-induced protein (TGFBIp)-mediated septic responses in a murine
cecal sepsis and pulmonary injury model [132]. Orally administered
brominated indol 6-bromoisatin, isolated from the Australian marine
gastropod mollusk Dicathais orbita, inhibited inflammation in a murine
LPS-induced acute lung injury model by reducing pro-inflammatory
TNF-a and IL-1p production in bronchoalveolar lavage [133]. Lin and
colleagues evaluated the terpenoid excavatolide, isolated from the
Taiwanese gorgonian coral Briareum excavatum, reporting rat paw
oedema reduction in two rat models of experimental arthritis by atten-
uating expression of cathepsin K, matrix metalloproteinase-2 (MMP-2),
MMP-9 and IL-17A [134], while the carotenoid fucoxanthin, isolated
from the marine edible brown alga Undaria pinnatifida was shown to
inhibit murine paw edema and ear inflammation by reducing activation
of iNOS, COX-2 and nuclear factor kappa-light-chain-enhancer of acti-
vated B cells (NF-xB) [135]. Studies on the triterpene glycoside cucu-
marioside A,-2, isolated from the Russian sea cucumber Cucumaria
japonica, demonstrated changes in mouse spleen morphology, B-cell
proliferation and macrophage activation, as well as concomitant in-
crease of IL-1p, iNOS, reactive oxygen species (ROS) and nitric oxide
(NO) [136].

Invitro preclinical pharmacology of MNPs was investigated in several
in vitro inflammation paradigms: murine peritoneal macrophages, mu-
rine macrophage/monocyte cell line RAW264.7, rat microglia, human
peripheral blood mononuclear cells, human monocytic cell line U937
and human T lymphocytes (Table 1). From these studies evidence has
emerged that the triterpene glycoside cucumarioside A,-2, isolated from
the Russian edible sea cucumber Cucumaria japonica, potently interacted
with the P2X4 purinergic receptor on murine macrophage membranes
and enhanced reversible ATP-dependent Ca®" signalling, thus leading to
the activation of cellular immunity [137]. Moreover, the
anti-inflammatory effects of a known curvularin-type metabolite,
derived from an Antarctic Ross Sea sponge-derived fungus Penicillium sp.
SF-5850, potently inhibited LPS-induced RAW264.7 macrophages pro-
duction of pro-inflammatory NO and PGE,, as well as the expression of
iNOS and COX-2 by inhibiting NF-xB signalling [138]. Mayer and col-
leagues demonstrated that LPS, isolated from the cyanobacterium
Oscillatoria sp., induced classical and alternative activation of rat brain
microglia as well as release of pro-inflammatory ROS, MMP-9, TNF-a
and IL-6, and the chemokines macrophage inflammatory protein-1a and
2, interferon gamma-induced protein 10 kDa monocyte chemotactic
protein-1, and alternative activation cytokine IL-10 [139]. The terpe-
noid 9,11-dihydrogracilin A (DGA), isolated from the Antarctic marine
sponge Dendrilla membranosa, was shown to downregulate NF-xB and
inhibit IL-10 in human peripheral blood mononuclear cells, while
significantly attenuating mouse ear edema and inflammation [140]. The
novel cyclic peptides ogipeptins A-D from the culture broth of the Jap-
anese marine Gram-negative bacterium Pseudoalteromonas sp. SANK
71903 were shown to block the binding of LPS to cluster of differenti-
ation (CD) 14 receptors on human U937 monocytic cells in vitro and
decreased TNF-a release [141] and three terpenoids (gracillin A, H and
L) isolated from the marine sponge Spongionella gracillis, inhibited
human T lymphocyte IL-2 production, as well as CD147 expression by
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Table 2
Current marine natural product pipeline of ADCs.
Targeting Payload Indications Trade Name References
Antigen (Year
approved)
APPROVED
Brentuximab vedotin CD30 MMAE Relapsed Hodgkin’s Lymphoma (HL) Adcetris (2011) [152]
and relapsed anaplastic large cell
lymphoma (ALCL)
Enfortumab vedotin- Nectin4 MMAE Locally advanced or metastatic Padcev (2019) [415]
ejfv urothelial cancer
Polatuzumab vedotin- CD79 MMAE R/R diffuse large B-cell lymphoma Polivy (2019) [416]
piiq (DLBCL)
Belantamab BCMA MMAF R/R multiple myeloma Blenrep (2020) [417]
mafodotin-blmf
Disitamab vedotin HER2 MMAE Locally advanced or metastatic gastric Aidixi (China
cancer only 2021)
Phase II/11I
AGS-16C3F (AGS- ENPP3 MMAF Renal Cell Cancer (discontinued) [418]
16M8F)
Tisotumab vedotin Tissue Factor MMAE Previously treated recurrent or [420]
metastatic cervical cancer
Ladiratuzumab LIvV1 MMAE advanced gastric and gastroesophageal [424]
vedotin junction adenocarcinoma
Telisotuzumab cMET MMAE c-MET-positive Stage IV or recurrent [426]
vedotin squamous cell lung cancer
Enapotamab vedotin AXL MMAE Solid Tumors Discontinued on Nov 24, 2020 (https://ir.genmab.
com/news-releases/news-release-details/gen
mab-announces-enapotamab-vedotin-update)
Disitamab vedotin HER2 MMAE Urothelial cancer Phase I1 US/ [150]
Approved
China
CX-2029 CD71 MMAE Advanced solid tumors or DLBCL [421]
w0101 IGF-1R Aur0101; PF- Advanced or metastatic solid tumors [419]
06380101
Phase I
Farletuzumab- FRa Eribulin Solid tumors [160]
eribulin (MORADb-
202)
ARX-788 HER2 Amberstatin 269 Resistant breast and gastric cancers [162]
Uifitamab rilsodotin NaPi2b AF-HPA Solid tumors [163,428]
(XMT-1536)
ALT-P7 HER2 MMAE Breast cancer [164]
PF-06804103 HER2 Aur0101 Breast cancer [164]
ZW-49 HER2xHER2 N-acyl HER2 expressing tumors [166]
sulfonamide
auristatin
MRG-003 EGFR MMAE Relapsed/refractory tumors [427]
RC-88 Mesothelin MMAE Advance malignant solid tumors [143]
SGN-B6A ITGB6 MMAE Advanced solid tumors [422]
SGN-CD228A CD288 MMAE Advanced solid tumors [423]
FOR-46 CD46 MMAF Multiple Myeloma (MM) [425]
Al66 HER2 Duostatin 5 Breast cancer [164]
Cofetuzumab PTK7 Aur0101 Solid tumors [161]
pelidotin
STI-6129 CD38 Duostatin 5.2 Multiple Myeloma (MM) [165]

Abbreviations: 1 MOA: molecular mechanism of action; MMAE: Monomethyl-auristatin E, vedotin; MMAF: Monomethyl-aurisatin F, mafodotin; AF-HPA: Auristatin F —
hydroxypropylamide, rilsodotin. Aur0101: auristatin 0101, pelidotin, DLBCL: Diffuse Large B Cell Lymphoma, MM: Multiple Myeloma, HL: Hodgkin’s Lymphoma,

ALCL: Anaplastic Large Cell Lymphoma

reducing calcineurin phosphatase activity [142].

3.3.2. Antibody drug conjugates: the role of marine natural products

The concept of targeted therapy (magic bullet) has been around for
many years and with the advent of therapeutic use of monoclonal an-
tibodies (mAb) this concept came to fruition in the form of antibody
drug conjugates (ADCs) [143]. ADCs are targeted therapies consisting of
a targeting antibody (mAb) connected by a linker to a small molecule
payload (warhead). The original ADC concept was the targeted delivery
of the warhead, typically a highly potent molecule that as monotherapy
had an insufficient therapeutic index to be independently approved,
thus avoiding, or minimizing systemic toxicities. The development of
ADCs has been more complex than originally expected as each of the
three components of an ADC requires optimization considering each
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individual component and how they interact to provide efficacy [144,
145]. As the technology to develop clinically viable ADCs developed,
marine natural products (MNPs) became a dominant source of highly
potent payloads, particularly the auristatins and derivatives thereof
[143,146,147].

Currently, there are 12 approved ADCs, which includes subsequent
re-approval of Mylotarg® at a lower dose and modified dosing schedule
[148], and the auristatin containing disitamab vedotin (Aidixi/RC48)
that was recently conditionally approved by the Chinese NMPA (June
2021) [149]. Disitamab vedotin had already been granted Breakthrough
Therapy Designation by the FDA in September of 2020 and is currently
in Phase II clinical trials in the US. (Table 3) [150]. Five out of the twelve
approved ADCs contain MNPs or derivatives thereof, as well as a
considerable portion of ADCs currently in clinical trials [143,151]. After
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Table 3
Marine natural products currently used in ADCs — approved and in clinical trials.
MNP Source Description MMOA? Reference
Dolastatin 10  Mollusc/ Original Microtubule [154,
Cyanobacterium  cytotoxic polymerization 155]
isolated from inhibitor
Dolabella
auricularia
MMAE Mollusc/ Permeable Microtubule [153]
Cyanobacterium  derivative of polymerization
Dolastatin 10 inhibitor
MMAF Mollusc/ Impermeable Microtubule [153]
Cyanobacterium  derivative of polymerization
Dolastatin 10 inhibitor
Eribulin Sponge E7389 Microtubule [429]
polymerization
inhibitor
Dolaflexin Mollusc/ AF-HPA Microtubule [163,
Cyanobacterium polymerization 428]
inhibitor
Duostatin 5 Mollusc/ MMAF Microtubule [164]
Cyanobacterium  derivative polymerization
inhibitor
Ambrestatin Mollusc/ MMAF analog Microtubule [162]
269 Cyanobacterium polymerization
inhibitor
Auristatin Mollusc/ PF-06380101; Microtubule [159]
0101 Cyanobacterium  Aur0101 polymerization
(pelidotin) inhibitor

Abbreviations: 1 MOA: molecular mechanism of action; MMAE: Monomethyl-
auristatin E, vedotin; MMAF: Monomethyl-aurisatin F, mafodotin; AF-HPA:
Auristatin F - hydroxypropylamide, rilsodotin. Aur0101: auristatin 0101,
pelidotin.

the first ADC (Mylotarg®; original approval in 2000) was approved, it
took 11 years to approve the first MNP containing ADC, brentuximab
vedotin (Adcetris) [152]. This new generation of ADCs was ushered in
by the utilization of highly potent microtubule inhibitors, the auristatins
[153], derived from dolastatin 10 [154,155]. Dolastatin 10, a MNP
originally isolated from the gastropod mollusc Dolabella auricularia by
the Pettit group [154] and subsequently shown to be derived from a
marine cyanobacterium Symploca sp. VP642 [156]; several of its de-
rivatives have been clinically evaluated as monotherapy but did not
achieve a suitable therapeutic index and/or efficacy to gain approval to
treat cancer patients [157,158]. Brentuximab vedotin, FDA approved in
2011, is a CD30 targeting mADb attached by a maleimide-based cleavable
linker to monomethylauristatin E (MMAE) - CD30
mAb-Vit-Cit-PABC-MMAE [152]. Subsequently, 4 additional ADCs, all
containing either MMAE or monomethylauristatin F (MMAF) have been
approved by medical authorities (Table 2). Polatuzumab vedotin-piiq,
FDA approved in 2019, is a CD79 mAD linked to MMAE. Enfortumab
vedotin, also FDA approved in 2019, is a Nectin-4 mAb linked to MMAE.
Belantamab mafodotin-blmf, FDA approved in 2020, is a BCMA mAb
linked to MMAF. Disitamab vedotin, conditionally approved by the
Chinese NMPA in 2021, is a HER2 mAb linked to MMAE and is currently
in Phase II studies in the US and given Breakthrough Designation by the
FDA for treatment of urothelial cancer. The role of MNP toxins is clear in
the development of ADCs, with 5 of the 12 approved ADC derived from
the auristatins and the number of MNP containing ADCs currently in
clinical trials [151]. The variety of warheads derived from dolastatin 10
used in clinical trials continues to develop beyond MMAE and MMAF
[143] and includes other microtubule inhibitors being studied as pay-
loads in ADCs (Table 3).

As of June 2021, in Phase II/III, the auristatin analogue Aur0101
[159] has been conjugated to the IGF-R mAb in W0101 (Table 2). The
majority of ADC containing MNPs in Phase II/III contain either MMAE or
MMAF and consist of agents targeting ENPP3 (AGS-16C3F), Tissue
Factor (tisotumab vedotin), LIV1 (ladiratuzumab vedotin), cMET (teli-
sotuzumab vedotin), AXL (enapotamab vedotin), and CD71 (CX-2029)
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(Table 2). In Phase I there is a greater variety of dolastatin 10 analogues
being developed for ADCs (Table 2) [157]. Eribulin is one such MNP and
possesses the same mechanism of action (inhibition of microtubule
polymerization) as the auristatins, (Table 3). In Phase I development,
eribulin (Halaven, E7389) has been conjugated to a FRa mAb in
farletuzumab-eribulin (MORAb-202) [160], Aur0101 has been conju-
gated to a PTK7 mAD (cofetuzumab pelidotin) [161] and a HER2 mAb
(PF-06804103). The novel auristatin derivative amberstatin 269, has
also been conjugated to a HER2 mAb (ARX-788) [162]. In a new ADC
format, the Dolaflexins, auristatin F-hydroxypropylamide (AF-HPA) has
been conjugated to a NaPi2b mAb (Upifitamab rilsodotin; XMT-1536)
[163], while duostatin 5 and 5.2 have been conjugated to a HER2
mAD (A166) [164] and a CD38 mAD (STI-6129) [165], respectively. An
interesting HER2XxHER2 bispecific (biparatopic) antibody has been
conjugated to a novel N-acyl sulfonamide auristatin in ZW-49 [166]. The
remainder of ADCs in Phase I containing MNPs are conjugated to MMAE
or MMAF [151,157] (Table 2).

The prospect of other MNPs being used as ADC payloads has the
potential to increase substantially as the field moves away from highly
toxic payloads and focuses more on novel mechanism of action. Also
included are those mechanisms that are known to have clinical efficacy,
e.g. SN-38 analogs and therapeutic steroids [157] that have the potential
to move ADCs beyond a cancer centric approach. This avenue is essential
to the continued development of ADCs [145] as based on the clinical
data on currently available ADCs, a general observation suggests that
toxicities (Adverse Events) are primarily associated with off-target,
off-tumour effects of the drug payloads [167] and independent of the
target antigen [145] demonstrating the complexity necessary to achieve
clinical efficacy with our current approach to ADCs.

3.4. Venoms and toxins as sources of immunomodulators

Animal venoms are complex mixture of proteins, enzymes, peptides,
small organic and inorganic molecules synthetized by specialized glands
and introduced into their prey or predators by sting or bite [168]. Once
injected, they interact with their targets, such as membrane receptors or
voltage-gated ion channels from nervous system, causing envenomation
symptoms that varies from harmless to lethal, which might also involve
the participation of the immune system [169]. Venoms and
venom-based compounds trigger, directly or indirectly, immunological
responses such as inflammation, complement activation, immune cell
recruitment, immune cell activation and differentiation, cytokine
secretion amongst others [169,170]. Similarly, several isolated
venom-derived molecules down-regulates the immune response [169,
1711, showing the immunomodulatory properties that such molecules
may have (Fig. 5).

To date, eleven venom-based drugs have been approved by FDA, and
several others are in preclinical stage or clinical trials [172]. This section
emphasizes the potential that venoms and venom-derived molecules
may have, as drugs or scaffolds for novel therapeutics as immunomod-
ulators in the treatment of several diseases.

3.4.1. Snake venom

Snake venoms are complex mixtures of proteins, enzymes, carbo-
hydrates, amino acids, lipids, peptides, which are synthesized and stored
in modified salivary glands, located below their eyes. Although snake
envenomation represents a significant public health problem, mainly
due to their myotoxic, cardiotoxic and neurotoxic effects [173], some
snake venom compounds have shown potential immunomodulatory
properties for treatment of several diseases and, therefore, could be
envisaged as novel drug leads [171].

Crotoxin (CTX) is the main component of Crotalus durissus terrificus
(Cdt) venom. CTX was able to shift the pro-inflammatory status to anti-
inflammatory environment in a colitis model, induced by chemical
agent in mice. CTX reduced the secretion of IL-1p, TNF-a, and IL-6,
accompanied by a major secretion of TGF-f, PGE and LXA4, showing
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a potent in vivo immunomodulatory activity that could point to a po-
tential application of CTX to ameliorate ulcerative colitis [174]. CTX
also modulates the activity of neutrophils by inhibiting the SyK-GTPase
signalling pathway, involved in actin polymerization necessary for the
adhesion and migration of neutrophils [175].

Anti-inflammatory activity of whole venom was demonstrated in the
Indian monocellate cobra Naja kaouthia, which suppress the immune
system, exerting an anti-arthritic activity against adjuvant induced
arthritis in rats [176]. Cobrotoxin and Neurotoxin-Nna, isolated from
Naja Naja atra venom, significantly inhibited the NF-xB pathway and
production of IL-1f, TNF-a and iNOS, in animal models of arthritis and
inflammatory pain, respectively [177,178]. Hidrostattin-TL1 from
Hydrophis cyanocintus, which inhibits the interaction between TNF-a R1
and TNF-q, is a potential peptide for the design of agents to treat TNF-a
inflammatory diseases, such as sepsis and inflammatory bowel disease
[179].

3.4.2. Bee venom

Peptides melittin and apamin are among the main components of
Apis mellifera (European honeybee) venom. Other constituents
comprised adolapin and mast cell degranulating (MCD) peptides and
enzymes such as Phospholipase Ay (bvPLAy) and hyaluronidase [180],
among others. Bee venom (BV) has been used to treat inflammatory
disorders like rheumatoid arthritis since antiquity. BV therapy — under
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the commercial name of Apitox® - is approved human use to treat
multiple sclerosis, rheumatoid arthritis and other inflammatory-related
diseases [172].

BV melittin presents a great bioactive potential with antineoplastic,
anti-inflammatory and antioxidant activities [181,182]. BV is a promise
anti-inflammatory therapy for periodontitis, suppressing NF-kB and
AP-1 signalling pathway, thus reducing pro-inflammatory cytokines
levels induced by LPS of Porphyromonas gingivalis [183]. BV exhibits
anti-neuroinflammatory  activity in  microglial cells, via
MyD88-dependent NF-«kB signalling pathway [184]. BV also controls the
allergic-inflammatory response, by reducing inflammatory mediators
via attenuation of STAT1/IRF3 signalling pathway [185]. BvPLA, can
ameliorate airway inflammation in an ovalbumin-induced asthma
model by the induction of regulatory T cells, reducing the levels of Th2
cytokines and inflammatory cells [186]. BVPLA; is responsible for the
activation of human T cells via CD1 antigen-presenting proteins, dis-
playing self-phospholipids, sphingolipids, acyl-glycerides, and other
lipid antigens, stimulators of T cells. BV is a feasible approach to
modulate the inflammatory response in non-hypersensitive individuals.
Also, BV immunotherapy may create a lifesaving tolerance for some
allergens, in individuals with IgE-mediated allergy [169,185].

3.4.3. Scorpion venom
Scorpion venoms are composed of enzymes, proteins, peptides,
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carbohydrates, amino acids, inorganic salts, amines and lipids. Scorpion
venoms are well characterized for being neurotoxin-rich compounds
that interact mainly with Na™, K, Ca>" and CI" voltage-gated channels
[187]. Among these, potassium channels (Kv) play a key role in immune
cell excitability and calcium signalling and are chief targets for T cell
regulation [188]. The peptide HsTX1 and its analog HsTX1[R14A] from
Heterometrus spinnifer, inhibits the activation of effector memory T
lymphocytes (Tgw), drivers of inflammation in autoimmune disease such
as multiple sclerosis and rheumatoid arthritis, by blocking Kv1.3 chan-
nels [189]. Anti-inflammatory and analgesic activity from Heterometrus
laoticus venom, is also based on the affinity of Hetlaxin toxin for Kv1.3
channels [190].

Ts14 is an anti-hypertensive peptide that belongs to Tityus serralatus
Hypotensins (TsHpT) [191], a group of bradykinin potentiating peptides
isolated from Tityus serralatus venom (TsV) that act as bradykinin 2 re-
ceptor agonists. Ts14-derived tripeptide (KPP) was able to mimic the
hypotensive activity of Ts14 [192]. Ts14 also evokes anti-inflammatory,
proangiogenic and anti-fibrogenic activities, as verified by means of a
murine sponge model of angiogenesis. In such conditions, these pro-
cesses are associated to ischemic condition, wound healing and in-
flammatory disease, which reflects the therapeutic potential of Ts14
[193]. Aiming to identify chemotherapeutic-compounds for the treat-
ment of Toxoplasmosis and Chagas Disease, TsV-active molecules were
found. An active molecule similar to TsV 2 toxin (Ts2) and mimetic
peptides (Pepl, Pep2a and Pep2b), reduced the replication of Toxo-
plasma gondii (Tg) tachyzoites in macrophages without host cell toxicity.
Similarly, TsV, Ts14 and KPP were able to attenuate Trypanosoma crugi
(Tc) infection in macrophages in-vitro. In both cases, nitric oxide (NO)
and pro-inflammatory mediators (IL-12/TNF/IL-6) production were
induced. Ts2-mimetic peptides were able to decrease the number of
cerebral cysts in Tg-infected mice and KPP treatment decreased para-
sitaemia in Tc-infected mice. Authors observed that anti-Tc activity of
TsV-peptides triggers MAPKs (ERK1/2, JNK1/2, p38a) pathways [194,
195].

3.4.4. Immunomodulatory activities of other venoms

A variety of molecules with immunomodulatory activity have been
isolated from other sources like amphibian secretions and wasps [182].
Venom from the Nasonia vitripennis wasp inhibited the NF-xB signalling
pathway, dampening the expression of IL-6 in LPS-treated macrophages,
activity that demands the activation of the JNK pathway [196].
Although ticks are not considered venomous animals, its saliva contain
protein families that are present in venomous taxa. The tick salivary
protein (Salp15) from Ixodes scapularis, blocks CD4™ T cell activation by
binding specifically to the CD4 coreceptor. Upon binding, Salpl5 in-
hibits TCR ligation-induced T cell signalling, showing a potential
immunosuppressive activity [197].

The venom of the spider Phoneutria nigriventer (PnV) is rich in toxins
that affect Na®, Ca?* and K* voltage-gated channels and glutamate
transporters. PnV and PnV-peptides have shown analgesic, anti-
hypertensive, neuroprotective, antimicrobial activities, as well as mod-
ulation of erectile function [198]. PnV have shown antineoplastic ac-
tivity in-vitro and in-vivo for glioblastoma cells (GB), the most common
and aggressive malignant brain tumour in adults [199]. PnV impaired
GB tumour development in a murine xenogeneic model. Unlike classical
chemotherapeutic drugs, PnV did not induce immunosuppression.
Furthermore, PnV-activated macrophages become more phagocytic
without inducing a pro or anti-inflammatory cytokines profile [199].
Further studies have confirmed the immunomodulatory activities of
PnV-derived molecules. PnV subfraction LW-9 displays an interesting
immunomodulatory effect. Bone marrow-derived macrophages treated
with LW-9 showed an activated morphological profile, increased
phagocytosis and migration and increased cytotoxic effect on tumour
cells. Immunomodulation is a relevant approach in the treatment of
malignant tumours, and useful immunoadjuvants to cancer treatment
might be found in LW-9-molecules [200].
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Immunomodulatory molecules have also been found in venoms and
toxins of sea animals including jellyfish, corals, sea anemones, cone
snails, fish and others [171]. Dalazatide, a synthetic-designed peptide
based on Shk-186 (a peptide isolated from Stoichactyla helianthus sun sea
anemone) has shown potential for the treatment of autoimmune diseases
such as psoriasis, arthritis, lupus, multiple sclerosis, acting as a Kv1.3
channel inhibitor. Preclinical trial and phase trials I for Dalazatide were
completed in 2015. Since then, no phase II study has been started [172].

In the last years, improvements in isolation, analyses, and chemical
syntheses techniques together with advance in genomic, transcriptomic
and proteomic platforms, have shortened the way for venom-based
novel therapeutics. Besides the therapeutic application, venoms and
venoms- based compounds have proved be important diagnostic tools
and their cosmeceutical applications have become more profitable [168,
172].

The identification of compounds that downregulate the immune
system during inflammation, autoimmunity and organ transplant and/
or upregulate the immune response through pathological conditions like
cancer and infection diseases, will pave the way forward for novel drug
therapeutics. Research in some immunology and venomics areas are still
in its infancy, however the coming years could bring novel therapeutic
avenues for disease treatment and envenomation (Fig. 5), together with
discoveries of new immune-biochemical pathways.

4. Bringing natural products drug discovery into the 21st
century

4.1. New molecules versus phytomedicines

As can be seen from the previous section, the use of natural products
and/or natural product structures from a broad range of sources
(including microbes, marine organisms, animals, fungi and higher
plants) continue to play a pivotal role in the drug discovery and devel-
opment process [201-204]. Plant products have been predominant in
books containing recipes for various medicines and, historically, have
been probably the most important source of therapeutic agents [205].
Plant-derived therapeutics may reach the pharmaceutic market as pure
compounds or as complex mixtures containing thousands of different
molecules, the latter referred as “botanical drugs” by the USA FDA and
as “phytomedicines” in Europe [206]. It is noteworthy that many
botanical mixtures are marketed not in the form of medicine, but as less
strictly regulated product groups, such as dietary supplements [206,
207]. The marketing authorization of dietary supplements is very
simplified, with the need for the producer to prove efficacy, safety, and
quality of the marketed product less enforced than in the pharmaceutical
sector [206,208].

Before the 19th century, plant-derived medicines consisted mainly of
impure preparations with a substantial variability in the phytochemical
profile and pharmacological response [209]. The isolation of morphine
crystals from the tarry poppy seed juice by the German pharmacist
Friedrich Wilhelm Adam Serturner, at the beginning of the 19th century,
started the modern process of drug discovery [210]. In the following
years, phytochemicals isolated in pure form (e.g., colchicine, atropine,
quinine) were increasingly supplanting the plant impure preparations
from which they had been isolated [209]. Despite the advent of
combinatorial chemistry and high-throughput screening campaigns in
the last decades, the search for drugs from plants has continued over the
years, with several new drugs approved in the 21st century (e.g. gal-
antamine, from Galanthus woronowii for Alzheimer’s disease dementia,
ingenol mebutate, from Euphorbia peplus for actinic keratosis, homo-
harringtonine, from Cephalotaxus harringtonia, indicated for treatment of
chronic myeloid leukemia) [201,211].

The identification of single bioactive constituent represents the
common procedure for scientists involved in drug discovery from plants.
When the most important constituent is known, it can be further eval-
uated in pharmacokinetic and pharmacodynamic studies, being the
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evaluation simpler with pure isolated phytochemicals than with the
entire herbal mixtures. Furthermore, plant-derived pure constituents
may be chemically tailored and structurally modified as a strategy to
increase potency and selectivity over a given target, to improve physi-
cochemical, biochemical, and pharmacokinetic properties and to elim-
inate or reduce unwanted side effects [212]. Challenges associated with
the discovery and the pharmaceutical development of botanical mix-
tures include solubility problems (not all the components of the mixture
are equally soluble), interference with assay by mixture components in
pharmacodynamic evaluations, and impossibility to follow the fate of
each component in pharmacokinetic studies [207,213,214]. The
complexity of the plant extracts, their viscosity, their tendency to
aggregate or precipitate, the presence of components that
non-specifically bind proteins or that may give false positive or false
negative results make quite problematic high-throughput screening
[215].

Despite these challenges, the interest in the therapeutic use of mix-
tures is still thriving. Examples of FDA-approved “botanical drugs”
include sinecatechins (Veregen®, approved in the 2006), a mixture of
catechins and other green tea components (indicated for the topical
treatment of external genital and perianal warts in immunocompetent
patients) and crofelemer (MytesiMT, approved in 2012), extracted from
the latex of the Croton lechleri tree (dragon’s blood), indicated for the for
symptomatic relief of non-infectious diarrhoea in adult patients with
HIV/AIDS on anti-retroviral therapy. A recent review article covering
drugs from 1981 to 2019 retrieved fourteen “botanical drugs” approved
as therapeutic agents [201]. One of the rationales for using mixtures of
molecules rather than single compounds rely on the observation that
many disorders have a multifactorial aetiology, with different targets
involved in disease pathophysiology [216]. For example, several
chemically unrelated compounds, acting on different targets, are
believed to be responsible for the antidepressant effect of St John’s wort
(Hypericum perforatum) extracts [217]. Also, supporters of the thera-
peutic use of plant-derived mixtures claim that additive or synergistic
effects may occur among the components of the mixture, making it more
effective than the isolated pure compounds [206,216]. Even though
synergistic effects are many often advocated without a clear pharma-
cological demonstration, many examples have been reported
[218-220].

One of the advantages of using the botanical extracts is their pecu-
liarity to be chemically manipulated without losing the distinctiveness
of being entirely natural products. Indeed, the process of extraction may
be optimized to obtain extracts enriched of a specific component.
Similarly, the cultivation of specific plant chemical genotypes, with high
yields of a specific compound, may lead to botanical extracts with high
content of the desired phytochemical (for example, large-scale canna-
bidiol chemotypes Cannabis sativa are cultivated for the therapeutic use
of extracts with high content — about 65% - of cannabidiol, [221]).
Conversely, during the production it is possible to remove undesirable
phytochemicals from a herbal mixture, to produce safe botanicals
retaining the pharmacological activity [222]. Elimination of unwanted
constituents lead to the so-called refined extracts [222]. Theoretically, if
extracts can be manipulated, by selective removal or enhancement of a
constituent, the same plant may yield medicines tailored for different
indications [206].

The choice to move towards mixtures rather than to pure compounds
for pharmaceutical development is, in some instances, a mandatory step.
It is not uncommon that the pharmacological activity of a specific
extract is lost upon bioassay-guided fractionation, making it impossible
to isolate the active ingredient of the mixture [216,222].
Bioassay-guided fractionation is a technique whereby the plant extract is
chromatographically fractionated and re-fractionated until a pure bio-
logically active molecule is isolated. Each fraction produced during the
fractionation process is screened for biological activity and only active
(or most active) fractions are subsequently fractionated. The process is
repeated until the pharmacologically active compound has been isolated
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[223].

The use of mixtures rather than pure compounds raises the issue of
the reproducible pharmacological activity. While for extracted pure
compounds only minimal standards are required (phytochemical char-
acterization, purity, methods used to determine compound identity and
major impurities, stability) [224], the phytochemical complexity of the
mixture requires that a number of important pieces of information must
be disclosed. Botanical mixtures must be clearly described with respect
to the part plant used (the part being indicated with the binomial Latin
name), the drug extract ratio, solvent type and its concentration, method
of extraction [224,225]. To ensure reproducible pharmacological ac-
tivity, the extract must be chemically characterized (e.g., by HPLC
fingerprint and metabolomics) and/or the content of marker compound
(s) must be determined with validated analytical methods [224,226].
The selection of the marker compound(s) is based on several aspects,
including claimed pharmacological relevance, accessibility of analytical
methods, chemical standards, and previous use of a marker compound
[227]. According to EMA guidelines on herbal medicinal products/tra-
ditional herbal medicinal products, standardization means “adjusting
the herbal substance/preparation to a defined content of a constituent or
a group of constituents with known therapeutic activity respectively
either by adding excipients or by blending batches of the herbal sub-
stance and/or herbal preparation (e.g. standardized extracts)”.

From a clinical point of view, there is no conceptual difference be-
tween botanical mixtures and pure compounds. Botanical mixtures must
be subjected to the same phase 1 to phase 3 efficacy/safety trials as pure
compounds before they can be approved by the regulatory authorities
for medicinal use in the general population. As it is the case for pure
compounds, the evidence obtained from high-quality randomized
controlled trials (RCTs) represents the gold standard for assessing clin-
ical efficacy of botanical mixtures [208]. During the past years, an
impressive number of randomized clinical trials in which herbal extracts
have been compared, in terms of efficacy and safety, to standard med-
icines (pure synthetic or plant-derived compounds) have been pub-
lished. Surprisingly, in several trials, therapeutic equivalence and even
superiority of the botanical extracts over the standard treatment (pure
synthetic or natural compounds) have been reported. For example, a
randomised, multicentre, double blind, parallel group trial, published by
the British Medical Journal, performed on 324 patients with mild to
moderate depression, found that an Hypericum perforatum (St John’s
wort) extract was therapeutically equivalent to imipramine, but patients
tolerated the extract better than imipramine [228]. In general, the re-
ported efficacy of herbal mixture must be interpreted cautiously.
Although the reporting quality of clinical trials related to botanical
mixture has improved over the last several decades, the poor method-
ological quality of the available trials and the possible presence of
publication bias must be considered [207,208]. Weaknesses include
small sample size, short duration and non-appropriate information on
the mixture under investigation (e.g. the part of the plant used, the Latin
name of the plant, solvent/type of extraction and standardization of the
mixture) ([207,226]. Reporting recommendations have been developed
in which several CONSORT items were elaborated to become relevant
and complete for randomized controlled trials of herbal medicines
[229].

In conclusion, the current method of drug discovery from plants is
not easily adaptable to mixtures, being it typically devoted to reducing
complexity and identifying single active plant constituents for drug
development. Pharmacokinetics and pharmacodynamic studies are
simpler to perform with pure compounds than with mixtures. Also,
isolated compounds may be lead compounds for further pharmaceutical
development. Conversely, strengths for the possible development and
therapeutic use of mixtures are the possibility of synergy among the
components, the presence of multiple compounds which may theoreti-
cally act on different targets involved in diseases pathophysiology, and
the possibility that extracts can be chemically refined, through selective
removal or enhancement of a constituent. The discovery of pure
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compounds rather than mixtures, however, must be not seen in con-
traposition, as exemplified by the cannabis research, which has gener-
ated both pure compounds (for example, cannabidiol for treatment for
refractory paediatric epilepsies) and botanical extracts (i.e. Sativex®, a
mixture of two different cannabis extracts indicated for the treatment of
spasticity due to multiple sclerosis) for therapeutic use. From a clinical
point of view, to achieve market authorization as a medicine, the effi-
cacy must be documented in high-quality randomized clinical trials,
both for pure compounds and for mixtures.

4.2. Harnessing small molecule drug discovery technology for natural
product screening

The “traditional” phenotypic screening approach using cell, tissue or
animal models of disease for bioassay-guided fractionation for natural
product drug discovery is extremely laborious and expensive in terms of
time and animal use and has a number of limitations, including the
relevance of the model, the limited knowledge generated of the bio-
logical target and lack of insight into the mechanism of action of the
compounds. Small molecule drug discovery revolutionised the drug
discovery process by adopting a combined phenotypic and target-based
approach that could be performed using high throughput screening
(HTS). The target-based approach, based upon the concept that “if you
want a new drug you must find a new target”, involves the identification
of a target protein associated with a specific disease as a starting point,
followed by screening of large libraries of compounds to determine
binding affinity and the ability to elicit the desired effect. This is in
contrast to the phenotypic screening approach (i.e. “if you want to treat
a disease you must find a cause™), which identifies compounds that
cause a desirable change in phenotype in disease models. “Forward
Pharmacology” uses these two approaches together, whereby pheno-
typic screening data that yields “hit” compounds can then be used to
retrospectively determine the biological targets through target decon-
volution; once a target is identified, compound libraries can then be
screened against the target to find a drug that binds to it with high af-
finity and elicits the desired effect (Fig. 6). The HTS technologies that
were developed and used extensively by the pharmaceutical industry in
the small molecule discovery sphere are now being adopted in the

15

Pharmacological Research 177 (2022) 106076

natural product drug discovery domain. It is beyond the scope of this
section to go into detail around the need for assay optimisation and the
post-screening journey, but two excellent reviews contain some excel-
lent recommendations, and highlight the advantages, limitations and
pitfalls for the successful development of high throughput target-based
and phenotypic screens for the discovery of both natural product-
based single compounds [230] and combination drugs [231]. What
this section will focus on is some examples of how screening platforms
developed for small molecule drug discovery have been utilised for
natural product drug discovery, with an emphasis on discovery of novel
immunomodulators.

4.2.1. High throughput phenotypic cell-based screening

In high throughput (TH) screening, thousands of compounds are
tested in parallel for their activity in one or more biological assays.
There are many examples of HT phenotypic screening of small molecule
compound libraries (see [232,233] for two reviews), and there are
increasing reports of natural product libraries being screened by this
method. One recent search for compounds to prevent cardiac fibrosis
screened a library of 480 chemically diverse natural product compounds
against human cardiac fibroblast proliferation using an ELISA-based
assay, which yielded 15 active compounds. Further screening using an
in vitro and in vivo pipeline of analysis identified bufalin (from Chinese
toad venom) and lycorine (from Amaryllidaceae plant species) as the
lead compounds, and subsequent miRNA deep sequencing identified the
pro-fibrotic microRNA 671-5p as a common effector [234]. In terms of
immunomodulating natural products, a high throughput method to
measure nitrite levels in murine macrophages (RAW264.7 cells) iden-
tified 79 samples from a subset of 5976 extracts (1.32% hits) from the
MEDINA microbial extracts collection as immunomodulators, and,
following deconvolution, one extract was eventually selected for large
scale-up growth [235]. Florian et al. developed a 96-well plate fluo-
rescence end-point assay for cytotoxic T lymphocyte lytic granule
exocytosis, which they initially used to screen a synthetic compound
library [236] and subsequently enhanced and validated to be suitable
for use with natural product collections [237]. Using a 384-well format,
HTS has also been applied to screen microbial extracts from the MEDINA
Natural Products library for agents effective against some neglected
tropical diseases (Human African trypanosomiasis, leishmaniasis and
Chagas disease [238]).

4.2.2. High content screening

In contrast to HT screening assays, which focus upon determination
of a single cellular response, high content screening (HCS) involves as-
says of more complex cellular phenotypes as outputs, such as increases
or decreases in the production of cellular products and/or changes in
cellular morphology. Thus, HCS typically involves automated digital
microscopy and image analysis and flow cytometry, in combination with
software systems for the analysis and storage of the data. The purpose of
HCS is two-fold; first to acquire spatially or temporally resolved infor-
mation on an event and second to automatically quantify it. It is beyond
the scope of this review to describe the detailed theoretical and practical
aspects of this technique, but interested readers are referred to an
excellent book edited by Haney [239] for an in-depth description. Like
HT screening, HCS is increasingly finding its place within the natural
product drug discovery field. One of the first reports of its use was in a
screening programme for nuclear export inhibitors using the MEDINA
library of microbial extracts [240]. Using a green fluorescent protein
reporter assay (U2nesRELOC; [241]) and a human osteosarcoma (U20S)
cell line, 14,000 microbial extracts were screened, of which 151
demonstrated activity and following bioassay-guided fractionation
several fungal-derived molecules were identified as being in the same
chemical class as known nuclear export inhibitors [240]. HCS is also
being used extensively in drug discovery from TCM (recently reviewed
in [242]) and natural product libraries for a range of therapeutic ap-
plications. Some examples using this technique include the discovery of
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two novel inhibitors of MTOR (1,4-O-diferuloylsecoisolariciresinol and
pierreione B) [243] and the alkaloid sanguinarine as a novel inhibitor of
mitogen-activated protein kinase phosphatase-1 (MPK-1; [244]). HCS
has also been used to confirm mechanism and/or site of action, as
exemplified by the demonstration that pseudolaric acid B, a diterpene
acid isolated from Pseudolaric kaempferi inhibits cancer cell growth
through inhibition of COX-2 by interrupting cytokine-induced trans-
location of NF-kB to the nucleus and inhibiting constitutive STAT3
activation [245]. Likewise, panduratin A, isolated from Boesenbergia
rotunda, was shown to inhibit NF-xB translocation in a human lung
cancer cell line [246]. In a search for novel drugs for neurodegenerative
diseases a synthesized curcumin derivative (C1) was shown through
HCS to be a novel activator of transcription factor EB (TFEB), inde-
pendently of mechanistic target of rapamycin (serine/threonine kinase)
(MTOR) activity [247], unlike existing TFEB inhibitors which act
through inhibition of MTOR. Finally, HCS was utilised to screen for
cytotoxicity in a study designed to determine the antifibrotic potential of
the components and metabolites of Fuzheng Huayu recipe (FZHY)
[248].

4.2.3. Label-free screening assays

Many HTS and HCS methods require the use of fluorescent or radio-
labelled tags, which has raised the question around the ability of these
probes to change the properties of the proteins under study and thus
result in experimental bias. The advent of label-free technologies, which
are based on measuring changes in electrical impedance or the refractive
index of cells, is a rapidly growing area of drug discovery [249]. One
such technique that has been used for screening natural products is
dynamic mass redistribution (DMR), which uses light to measure
ligand-induced cytoskeletal re-arrangement of cells adjacent to the
biosensor and provides an integrated cellular response comprising
multiple pathways and cellular events. This can be applied to any cell
type, including inflammatory cells [250], as either a phenotypic screen
(i.e. does a particular type of cell respond to a ligand?) or a target-based
screen (i.e. do libraries of compounds case a response in cells
over-expressing a protein of interest?). Several studies have successfully
used DMR to identify novel compounds or to determine their toxicity.
For example, a study of 82 compounds from fungi of the Ganoderma
genus identified the site of action of four novel phytocannabinoids using
DMR [251]. A similar approach was taken in screening a plant-based
compound library for novel mu-opioid ligands [252], while DMR
confirmed biased po-adrenoceptor signalling as the mechanism under-
lying the anti-secretory and anti-bronchospasmodic effects of an ivy
leaves extract (EA 575®) used clinically for the treatment of respiratory
disorders [253]. DMR can also be used to screen for activity against
multiple targets, as recently demonstrated by screening of a TCM for-
mula (Qing Fei Pai Du Decoction) that was widely used in China for
treatment of COVID-19 infection; using data from DMR screening of 144
compounds present in the preparation against six GPCR’s linked to in-
flammatory, immunity and respiratory actions, alongside pathway
de-convolution and construction of a herb-compound-effect network,
twenty active compounds and their effective concentrations were
identified for each target, along with the pathways underlying their
mechanism(s) of action [254]. Integration of DMR alongside
micro-fractionation and high-resolution MS was also highly useful in
assisting in the isolation of bioactive alkaloids from different plant
species (Corydalis yanhusuo, Dactylicapnos scandens, Chelidonium maju
and Corydalis decumbens) [255]. In a proof of concept study to charac-
terise toxic herbs contained within TCMs, DMR was an integral part of a
biosensor-based two-phase pharmacological profiling (BTTP) method
which, combined with HPLC, identified 25 naturally-occurring and
potentially toxic muscarinic Mg-receptor antagonists in Daturae Flos
[256], a herbal medicine used in the treatment of asthma; since TCM
mixtures could contain incorrect plant species due to mis-authentication
DMR could be used to help confirm or detect the presence of toxic
contaminants within preparations.
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4.2.4. Non-mammalian in vivo models

As mentioned earlier, traditional approaches to natural product drug
discovery often required whole animal or animal tissue experiments to
perform dose response and toxicity studies, usually in rodent species.
This approach is not only expensive in financial terms, but is also ethi-
cally questionable in light of the very large numbers of animals required
to yield meaningful results. However, as valuable as cell-based screening
programmes are, they do not give a full picture of how a compound may
work in the whole organism. Thus, non-mammalian models as in vivo
screens are becoming increasingly important in the natural products
field. The two most commonly used models are zebrafish (Danio rerio)
and the nematode worm Caenorhabditis elegans (C elegans); an added
benefit of these two species is that they can be genetically modified to
generate models that mimic human disease.

The zebrafish was initially developed as a model for the study of
developmental biology and embryology, however the production of
gene targeting for the generation of transgenic fish has resulted in this
becoming a popular model for studying human disease. Although
zebrafish were first used to screen for biological activity of naturally-
occurring compounds over 60 years ago [257] it is only very recently
that they have been adopted as a model for routine for drug screening
against various diseases such as diabetes [258], neurological diseases
[259,260], and immunological disorders [261]. The zebrafish model
offers significant versatility in that it can be used as straightforward
phenotypic or toxicity screens, or utilised to determine mechanism of
action by taking advantage of the wide variety of genetic strains avail-
able. Examples of the former include studies on the acute toxic,
anti-oxidant and anti-inflammatory actions of Hypericum hookeranium
extract [262] and the immunomodulatory effects of a polysaccharide
isolated from Rosa laevigata [263] and an arabinofuranan from Garcinia
mangostana [264], assessed by NO and ROS production in zebrafish
embryos. The latter approach helped to identify how pectin nano-
particles derived from Spirulina maxima improved wound healing
through upregulation of a range of innate immune-related genes [265].
Finally, zebrafish have also been utilised in bioassay-guided fraction-
ation to identify anti-angiogenic bioactives from East African medicinal
plants [266].

The potential value of C. elegans as a suitable screening model for
bioactivity screening of natural compounds against a range of conditions
including oxidative stress, ageing, metabolic and neurodegenerative
disorders is now well recognised [267,268], although challenges
remain, particularly in terms of throughput. Consequently, most C ele-
gans studies on natural products are performed relatively late-on in the
drug discovery cycle as a means of confirming bioavailability and bio-
efficacy of an identified compound or characterized extract in an in vivo
model. Examples include confirmation of the anti-oxidant activity of
methyl cinnamoyl catalpol (DAM-1, isolated from Dolichandrone atro-
virens) [269], a neuroprotective and anti-oxidant effect of an extract
from Vitis vinifera leaves [270] and suppression of degeneration by an
extract from rapeseed pomace [271]. The potential value of using ge-
netic models of C. elegans for studying innate immunity has been rec-
ognised for some time [272], and in terms of screening for
immunomodulating activity of natural products, a high-throughput
(96-well plate) liquid culture-based screening method in the 1G692
strain of C. elegans has been recently developed and validated for rapid
screening of libraries, including libraries of natural compounds [273].

4.3. “Synergism” between compounds in complex mixtures

As is becoming increasingly clear from the previous sections, natural
products continue to be a very important resource for the modern
pharmaceutical industry and, with the development of chemistry and
pharmacology technology, more and more bioactive compounds from
plant extracts are being identified and shown to have medicinal prop-
erties. Most bioactive compounds in herbal medicines are plant sec-
ondary metabolites, many of which are individually present at very low
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levels in extracts [274]. However, purified compounds usually cannot
achieve similar therapeutic effects from equivalent amounts. In addi-
tion, increases in dosage of these compounds often result in more side
effects [275,276]. The hidden principle here is the synergism between
different ingredients in herbal medicines/plant extracts. One of the ways
by which synergism occurs in herbal medicine is the presence of active
compound analogues in these mixtures that often affect similar
drug-targets. However, limited by the analytical techniques and
complexity of secondary metabolites, in most cases only a few com-
pounds with relatively high concentration can be fully investigated and
selected as bioactive products to represent a medical herb [277,278].
The other cause for synergism is that herbs usually contain more than
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one series of active products, such as alkaloids and flavones in Sophora
flavescens, which often work on different targets to achieve synergistic
effects [279]. This is further exacerbated as herb prescriptions can
contain several, or even over a dozen, medicinal plants; thus, herbal
medicines may work in such a way that multiple compound groups
perturb multiple targets to achieve a combined effect on disease. This
makes synergistic mechanisms an important, but also challenging, area
in natural product/herbal medicine research.

Natural compounds are the pharmacodynamic material basis of
herbal medicines, and ultimately, the synergism of natural medicine
depends on the interactions among compounds during production and
resulting from in vivo processes. Although it may not be comprehensive,
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selecting representative compounds to conduct research on drug-
interactions is a compromise. For most herbs, the main secondary me-
tabolites have been identified and pharmacological activities of those
compounds have been studied. These results, combined with known
drug-targets and molecular docking methods, can provide useful infor-
mation to predict and explain synergistic effects among bioactive com-
pounds in complex mixtures [280,281]. In addition, in vivo disposal
processes for active compound groups, such as absorption, distribution,
metabolism and excretion (ADME), can also influence how different
ingredients in a complex mixture can interact to show synergistic or
antagonistic effects [282]. Many studies have been done to determine
prescription compatibility between herbal medicines based on phar-
macokinetics analysis. These studies have mainly focused on the inhi-
bition or activation of different drug transporters or metabolic enzymes
induced by ingredients in adjuvant herbs, which can change the phar-
macokinetic parameters of other important compounds to achieve better
treatment effects or reduce toxicity. For example, components in Gas-
trodiae Rhizome (dried tuber of Gastrodia elata) can inhibit the
p-glycoprotein and multidrug resistance associated protein 2, improving
the absorption of bioactive compounds in Puerariae radix [283]. It has
also been shown that Herba ephedrea can reduce the toxicity of Semen
armeniacae amarum by inducing stereoselective metabolism of amyg-
dalin [283,284]. Through these traditional pharmacologic methods,
some mechanisms of synergistic effects between major compounds can
be specifically explained. However, complex mixtures like herb pre-
scriptions can contain several active compound groups, which may
interact with each other in different pharmacokinetic processes and on
different drug-targets. This complexity makes it almost impossible to
comprehensively explain synergism in a complex mixture using typical
pharmacologic research tools. However, the introduction of network
pharmacology or systems biology methods have been useful in this
context. Using Compound Kushen Injection (CKI), which is a mixture of
extracts from Kushen (Sophora flavescens) and Baituling (Heterosmilax
chinensis) as a model, deletion of 9 main compounds one by one, or in
different combinations, followed by apoptosis assays and transcriptome
analysis of cancer cell lines treated with CKI showed that removal of no
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Fig. 8. The classical workflow for research and
development of NP-based drugs starts with the
selection of living organisms for study using
different strategies. The extracts are prepared
and empirically tested for bioactivity employ-
ing in vitro and/or in vivo tests. The active
extracts are then submitted to recurring steps of
fractionation and biological activity testing
until the single bioactive compounds are iso-
\ lated, which have their chemical structures
confirmed or assigned by spectroscopic ana-
lyses. This classical approach was accelerated
| by incorporating dereplication tools based on

hyphenated techniques, consisting of online
| coupling of chromatographic separation devices
| to spectrometers like UV, MS, and NMR. In vitro

bioaffinity assays were also coupled with clas-
) sical chemical deconvolution methods to
the identification of bioactive

Identified
molecular leads

accelerate
constituents.

single compound could alter the effects of CKI on cancer cells [285].
Although oxymatrine and oxysophocarpine together seem important to
the cytotoxicity effects of CKI, transcriptome results showed that many
compounds are required for CKI’s effect, and many targets/pathways are
involved [285]. These results support the concept of
multi-compound/multi-target interactions for complex mixtures based
on plant extracts and illustrate the complexity of synergism in herbal
medicines.

Although many studies show the feasibility of applying network
pharmacology methods to the research of complex mixtures, there are
still gaps in understanding the specific mechanisms of how herbal pre-
scriptions exert their effects [286]. Investigation and development of
modern medicine use network pharmacology methods based on mo-
lecular structures, pharmacokinetic characteristics and target informa-
tion for drugs and diseases [287]. However, the data from clinical and
basic experimental studies for herbal prescriptions are still insufficient.
Furthermore, as most active compounds have a wide target spectrum but
relatively low affinities, along with limited information on the quantity
of each ingredient, it is difficult to describe the interactions between
compounds within a mixture. These challenges make it impractical to
clearly elucidate the mechanism of herbal prescriptions. As a compro-
mise, herbal medicines or prescriptions could be initially characterized
using network pharmacology followed by application of the network to
validate synergism or interaction. Based on this concept the analysis
process for complex mixtures of natural products and determining their
effects on multiple targets/pathways can be simplified. This idea has
been applied to the study of CKI and were able to demonstrate that the
main active compounds and cytotoxic effects of CKI derive from Kushen
[288]. However, transcriptome analysis showed that Baituling can
activate immune-related pathways and therefore enhance the overall
effects of CKI [288]. In addition to understanding interactions of com-
pounds within herbal extracts it is also important to understand how
herbal prescriptions may interact with pharmaceuticals, as herbal ex-
tracts are often used with them [289,290]. For this purpose, Adelson’s
group introduced a workflow to apply transcriptome analysis to
drug-drug interaction research (Fig. 7). Taking CKI as an example, they
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found that CKI can counteract the cytotoxic effects of fluorouracil and
doxorubicin. The transcriptome analysis results demonstrated that this
difference is primarily the result of opposing effects on DNA synthesis
and metabolism. Subsequently they showed that MYD88 was required
for these interactions [288].

When investigating synergism within complex mixtures, a network
approach and a traditional compound-target-effect route all have their
own merits, and are complementary, and we have proposed several
ideas for both approaches.

1. Introduce the concept of an active compound group as a unit, to
represent a series of compounds with similar structures and phar-
macologic effects in complex mixtures. Major compounds can be
representative of active groups but would be weighted to show the
effects of compound groups in studies.

2. The effects of complex mixtures and interactions between bioactive
compounds are related to their in vivo processes. Therefore, a
pharmacokinetic-pharmacodynamic model could be very useful to
reveal the mechanisms of complex mixtures. The critical part of such
a model would be how to weight different compound groups and
their separate effects compared to the overall mixture and its ther-
apeutic effects.

3. Many drug targets are located in cells, including DNA, nuclear re-
ceptors, intracellular kinases, etc. Therefore, intracellular processing
of the compounds by target cells are directly related to the thera-
peutic effects. Research on interactions between compounds at the
cellular level may be able to connect pharmacokinetic and pharma-
codynamic results [291,292].

4. Although the accuracy and completeness of existing databases are
currently lacking, network pharmacology could be a very promising
approach to reveal the mechanisms of natural herbal mixtures in the
future.

5. Disease progression and treatment effects can be expressed at
different biological levels; genome, epigenome, transcriptome, pro-
teome and metabolome. Integrating these large-scale data to create
pathological and therapeutic models could be very useful for
studying natural compound synergism [293,294].

Progress in these areas is gradually revealing the extent and degree of
synergism in complex mixtures. Once we understand the underlying
mechanisms for synergism, we will be in a position rationally apply
these principles to systems biology and pharmacology.

5. Chemical deconvolution of immunomodulatory natural
products

As highlighted in the previous sections, NP-based drug discovery
follows a workflow (Fig. 8) that encompasses analytical technologies,
biological methods and biotechnological approaches that have
improved significantly over the last two decades. Extracts of living or-
ganisms are initially selected for biological testing based on different
strategies [295] including ethnopharmacological, ecological and
metabolomics approaches, each one of them presenting benefits and
weaknesses. Progress in gene sequencing and molecular biology has
shifted the screening process towards a combination of target-based and
phenotypic screening, which bears a better correlation with disease
states, especially those with highly complex biology [296]. Following
screening for bioactivity, active extracts are then submitted to recurring
steps of fractionation and biological activity testing until the single
bioactive compounds are isolated and their chemical structures
confirmed or assigned by spectroscopic analyses (Fig. 8). This stage has
been significantly improved by new chromatographic and analytical
technologies, especially mass spectrometry (MS) and nuclear magnetic
resonance (NMR) spectroscopy methods [297-299].

NP-based drugs display greater chemical diversity and occupy larger
regions of chemical space than drugs from completely synthetic origins
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[300]. They present superior druggability due to intrinsic features like
larger numbers of sp® carbon and oxygen atoms (but fewer nitrogen and
halogen atoms), higher hydrophilicity, and greater molecular rigidity
that favors the interaction with proteins [202]. Moreover, they usually
possess higher numbers of asymmetric centers, which might be implied
in higher selectivity to the biological targets [301]. While the chemical
variability of natural products offers unique attributes for drug devel-
opment, such diversity constitutes a challenge for the time-consuming
processes of isolation and structure elucidation. Moreover, bioactive
NPs frequently occur as complex mixtures in the living organisms,
mostly at low concentrations. Thus, rapid deconvolution strategies that
scrutinize the chemical composition of the active extracts and identify
the major compounds in the active extract (dereplication) is of special
relevance in accelerating the subsequent bioactivity-guided fraction-
ation procedures [302]. Here we describe some classical methods of
extract deconvolution and highlight some innovations accelerate the
process, still following the established workflow of NP-based drug
development.

5.1. Classical methods with new flavors — advantages and drawbacks

5.1.1. Isolation of constituents by chromatographic methods, offline
structure elucidation and bioassays

The isolation and purification of compounds from crude extracts
often requires the combination of several separation techniques. Open
column chromatography (CC) is widely employed for initial fraction-
ation due to its low cost and high sample capacity. However, due to the
chemical complexity of plant extracts, it is frequently necessary to
employ chromatographic techniques with higher resolution power, such
as medium pressure liquid chromatography (MPLC) or semi-preparative
high-performance liquid chromatography (HPLC), and multiple steps
may be required to achieve the final purification [211,303,304], the
selection of which will depend on the chemical composition of the
sample. Complete structure elucidation of the isolated compounds can
be achieved by using spectroscopic techniques such as ultraviolet-visible
(UV-Vis), Infrared (IR), MS and NMR, while the absolute configuration
of estereogenic centers can be determined by X-ray crystallography or by
electronic circular dichroism (ECD) [304,305].

There are several recent reports on the isolation and identification of
new immunomodulatory natural products employing this classical
strategy. Six new lathyrane diterpenoids from defatted ethanolic extract
of seeds from Euphorbia lathyris have been isolated using liquid-liquid
partition followed by silica gel CC and semi-preparative HPLC [306].
Structural elucidation was performed by the analyses of UV, IR,
ESIHRMS, and NMR data and the absolute configuration of one com-
pound was assigned by X-ray crystallography, while the C-2’ configu-
ration of another compound was determined by theoretical and
experimental ECD. Three compounds inhibited LPS-stimulated NO
production in RAW264.7 cells, while one of these also inhibited the
production of pro-inflammatory cytokines IL-6 and IL-1f, reduced the
expression of iNOS and NF-kB, inhibited IxkBa phosphorylation, and
blocked LPS-induced nuclear translocation of NF-kB, indicating its
anti-inflammatory potential [306]. In another study [307], three new
sesquiterpenoids, (1Z,4E)-lepidoza-1(10),4-dien-14-ol, rel-(1(10) Z,4S,
5E,7R)-germacra-1(10),6 diene-11,14-diol, and rel-(1(10) Z,4S,5E,
7R)-humula-1(10),5-diene-7,14-diol, were isolated from an ether ethyl
extract of Conocephalum conicum. The crude extract was subjected to
silica gel dry-flash CC in sequential steps and the chemical structure of
the new compounds was assigned by complete spectroscopic analysis.
Two of these were found to significantly decrease lymphocyte prolifer-
ative response to concanavalin A, a T cell mitogen. In addition, fourteen
new eudesmane sesquiterpenoids, namely artemihedinic acids A-M and
artemihedinin A, including three pairs of epimers, were isolated from
the defatted ethanolic extract of Artemisia hedinii (whole plant) using
liquid-liquid portioning followed by multiple steps CC fractionation
using MCI gel CHP20P, ODS, Sephadex LH-20 or silica gel as stationary
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Fig. 9. Workflow of a dereplication procedure based on UPLC-MS.

phases [308]. The final purification was achieved by semi-preparative
HPLC, and the structure elucidation was accomplished by UV, IR,
ESIHRMS and NMR data, while the absolute configuration was deter-
mined by ECD, [a]2°p and X-ray crystallographic analyses, and several
compounds exhibited anti-inflammatory effects, evidenced by down-
regulating the expression of the pro-inflammatory cytokines TNF-o and
IL-12, as well as the release of IL-6 and IFN-y in LPS-induced primary
bone marrow derived M1 macrophages.

5.1.2. Dereplication of complex matrices: using hyphenated techniques

Despite being very laborious and time consuming, the classical
approach is undisputedly effective as it provides pure compounds in
sufficient amounts to undergo full spectroscopic analysis, thus allowing
the unambiguous identification of their chemical structures. Moreover,
the purified compounds can be subjected to biological activity tests
along with the investigation of the mechanisms of action. However, the
rediscovery of known natural product structures is an increasing chal-
lenge for this top-down approach, raising the concern that it may no
longer be capable of providing novel lead compounds [309]. Also, the
isolation of minor compounds can be challenging and require the use of
substantial amounts of biological materials (plants, microorganisms,
marine organisms, etc.), which can be unfeasible for certain organisms.
Thus, the use of dereplication methods, employing hyphenated tech-
niques, speeds up the process of drug discovery from natural sources and
can be an alternative to overcome some of the drawbacks of the classical
approach.
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Dereplication is a strategy widely employed to identify the major
compounds in bioactive matrices aimed to accelerate the subsequent
bioactivity-guided fractionation procedures as it is more efficient and
demands shorter analysis time than the offline approach, thus avoiding
the restudy of extracts and fractions containing known compounds.
Dereplication is performed by using the so-called “hyphenated” or
“tandem” techniques, which consist of online coupling of chromato-
graphic separation devices to spectrometers like UV, MS, and NMR.
Chromatographic separation is crucial when using diode-array detector
(DAD), evaporative light scattering detector (ELSD) and NMR, since the
analysis of co-eluted compounds is low informative for structure iden-
tification. Thus, a previous optimization of the chromatographic con-
ditions (mobile phase, pH, gradient of elution, column specification,
temperature, etc.) should be taken into consideration. For MS analyses,
coeluted peaks can be solved through MS/MS methods [310]. Here we
briefly discuss the most commonly employed hyphenated techniques
and provide some examples of recent applications of these techniques in
the discovery of immunomodulating compounds.

Gas chromatography coupled to mass spectrometry (CG-MS) is a
powerful and fast technique for the analysis of both volatile and non-
volatile compounds that become analyzable after derivatization (e.g.
sialylation, methylation and acetylation reactions). Mass spectra are
obtained by electron impact ionization, which produces reproducible
spectra that can be compared with data available on libraries, and the
compounds are identified based on the similarity between the library
data and the obtained spectra. The readiness and accuracy of the
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analysis are the main advantages of this technique: the extraction pro-
cess and analysis of volatile compounds can be achieved within 24 h.
The main classes of natural products analyzed by this technique include
terpenes (mono- and sesquiterpenes), phenylpropanoids, lipides (fatty
acids) and sugars (after derivatization) [311]. For example, CG-MS data
on the chemical structure assignment of the polysaccharide MP1, iso-
lated from the mesocarp of Orbignya phalerata fruits, indicated that MP1
(shown to enhance phagocytosis in mice and exhibit anti-inflammatory
activity) has a highly branched glucan type structure composed of
alpha-(1—4) linked D-glucopyranose residues with (3—4), (4—6), and
with (3—6) branching points [312].

HPLC/UHPLC-DAD is routinely employed to obtain the chemical
fingerprint of extracts and to collect preliminary information on their
chemical composition. Dereplication by this technique relies on the
availability of commercial standards, whose retention times and UV
spectra can be compared with those of the extract’s constituents. Using a
DAD detector also requires a suitable chromophore group in the chem-
ical structure of the analyzed compound. HPLC/UHPLC-DAD is broadly
employed for the identification of several classes of plant secondary
metabolites, including phenylpropanoids, flavonoids, anthraquinones,
coumarins, aromatic alkaloids and terpene derivatives with detectable
chromophore groups (e.g. Digitalis cardenolides and sesquiterpene lac-
tones). As an example, the use of HPLC-DAD disclosed a high concen-
tration of catechin in a n-butanol fraction derived from the ethanol
extract of Acacia catechu heartwood. This fraction induced immuno-
modulatory effects on non-specific, humoral, and cell-mediated immune
functions, as demonstrated by different assays [313].

The use of HPLC/UHPLC-ELSD for dereplication purposes is also
dependent on commercially available standards. The evaporative light
scattering detector (ELSD) is based on turbidimetric measurements: the
column effluent is nebulized into droplets, which are carried by a gas
and directed towards a light beam; the light is scattered by residual
particles of non-volatile material and measured by a photomultiplier or
a photodiode [314]. Therefore, the technique is mainly used for the
analysis of compounds without chromophore groups that absorb in the
near UV  region, like sugars, terpenes, and lipids.
HPLC-DAD-ELSD-ESI-MS has been used to investigate the chemical
composition of extracts from Acanthosicyos naudininus, Gomphocarpus
fruticosus, and Cryptolepis decidua [315], which were shown to inhibit
T-lymphocyte proliferation (at concentrations that did not cause
apoptosis or necrosis) through inhibition of lymphocyte activation by
suppression of CD25 and CD69 surface receptor expression and also to
reduce production of IFN-y and IL-2. In this case the ELSD detection was
useful for monitoring peaks that lack UV absorbance and MS ionization
and, based on the HPLC profile, the possible classes of active compounds
were identified as cucurbitacins for A. naudinianus and indole alkaloids
for C. decidua, whereas for G. fruticosus they were not disclosed [315]. In
another study, the phenolic profile of leaves from Beta vulgaris (sub-
species vulgaris; variety rubra) was acquired by HPLC-ESI-HRMS-MS
[316]. Twelve known compounds (ferulic acid hexoside, vitexin, (iso)
vitexin pentoside, (iso)vitexin hexoside, (iso)vitexin pentoside, apige-
nin-C-pentoside-C-hexoside, isovitexin, acetyl (iso)vitexin, acacetin-C--
glucoside, apigenin-C-pentoside-C-hexoside, acetyl (iso)vitexin, acetyl
O-methyl (iso)vitexin, and (iso)swertisin 2’’acetate) were putatively
identified, seven of which had not been previously described for the
species. The extract presented immunomodulatory effects (reduction of
TNF-a, IL-1p, and IL-6; down-regulation of the expression of hepatic
NF-kB) in vitro and in vivo, demonstrating its potential to reduce the
progression of diabetic complications [316].

UHPLC-MS is the hyphenated technique that exhibits higher sensi-
tivity and specificity to deconvolute constituents of complex matrices,
allowing the identification of several compounds in a single run. Addi-
tionally, the use of MS/MS techniques with high resolution mass spec-
trometry increases the applicability of this method in the structural
elucidation of new chemical entities. The generated spectrum furnishes
information on the molecular weight, along with typical structural
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fragmentations patterns, revealing the loss of fragments like hydroxyl,
carboxyl, and esters groups, in addition to sugar residues, among others,
however an important limitation of the technique is the impossibility of
differentiating isomers [316]. Fig. 9 depicts the workflow of a der-
eplication procedure based on UHPLC-MS.

HPLC NMR is the most powerful hyphenated technique for decon-
volution that allows the unequivocal structure assignment of com-
pounds in complex mixtures. The main limitation of the technique is
obtaining satisfactory '*C NMR spectra due to '3C lower frequency and
low natural abundance in comparison to 'H. The use of solid phase
extraction (SPE) and multiple injections (sometimes over 10) can be
adopted as a strategy to overcome this restriction, thus affording suffi-
cient sample quantities for mono- and bidimensional NMR experiments.
To accomplish this, after multi-injections the SPE-bound compounds are
eluted with deuterated acetonitrile and the NMR analyses are under-
taken [317]. Semi-hyphenated LC-MS-SPE NMR has been employed to
elucidate the chemical structures of three eremophilane sesquiterpenes
produced by cultures of Penicillium roqueforti [318]. One of these was
found to be a new compound, namely (3S)— 3-acetoxyeremophil-1(2),7
(11),9(10)-trien-8-one, a probable biosynthetic precursor of PR toxin. A
further compound, structurally related to the immunosuppressant cus-
pidatol, exhibited immunosuppressive activity in the Mixed Lymphocyte
Reaction assay [319].

5.1.3. Adding new flavors into the classical deconvolution methods

While hyphenated techniques are undoubtedly a valuable tool for the
deconvolution of crude extracts, permitting the identification of com-
mon compounds at an early stage of drug development, the procedures
currently adopted for chemical deconvolution do not disclose the
bioactive constituents of extracts, which must be isolated and further
tested for bioactivity. There are strategies available to speed up the
classical workflow process of NP-based drug research and development
that combine simple in vitro bioaffinity assays with classical methods of
chemical deconvolution. Although there are inherent limitations for
testing immunomodulating compounds by simple in vitro assays, their
use as tandem methods for dereplication can be employed as a screening
strategy for selecting compounds for further in vivo assays. Here we
describe three different approaches - ultrafiltration coupled to LC-MS,
cell membrane chromatography (CMC) coupled to LC-MS, and Ligand
fishing.

Ultrafiltration-based affinity selection combined with liquid
chromatography-mass spectrometry (LC-MS) was originally developed
for screening synthetic or combinatorial libraries [320] and it is
currently employed to screen extracts and traditional medicines [321].
The extract is incubated with the target protein for a defined time under
established conditions and non-specific binding can be addressed by
incubating the sample with or without the denatured protein. Ultrafil-
tration (UF) is performed after incubation using a regenerated cellulose
ultrafiltration membrane with a 10,000 molecular weight cutoff, to
accomplish the separation of bound from unbound compounds and the
UF cell containing the ligand-protein complex is washed to remove any
unbound compounds. The aqueous-organic buffer is then run through
the chamber to dissociate the ligand-protein interactions. The bound
compounds are either analyzed directly by the mass spectrometer or
trapped on a column and analyzed by LC-MS [317]. This approach has
been used in several studies for the rapid deconvolution of bioactive
constituents from plant extracts; for example, bio-affinity UF-LC-MS was
used to fish out the potential cyclooxygenase-2 (COX-2) ligands of a
flavonoid-rich fraction from the Chinese herb lotus plumule. A total of 12
flavonoids showing specific binding to COX-2 had their chemical
structure identified [322]. The antioxidant and anti-inflammatory con-
stituents of Gynura procumbens was investigated, targeting DPPH and
COX-2 by this approach, and disclosed caffeic acid, kynurenic acid, and
chlorogenic acids as compounds with highly binding affinity to both
targets [323]. A multitarget approach can also be employed, as analysis
of Warburgia ugandensis, subjected to UF-LC-MS analysis using COX-2,
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5-lipoxygenase, and topoisomerases I and II as targets elicited two
isomeric neolignanamides as the active compounds [324]. A different
investigation of W. ugandensis using UF-LC-MS revealed 9 and 12 po-
tential superoxide dismutase (SOD) and xanthine oxidase (XOD) ligands
[325]. A search for inhibitors of protein tyrosine phosphatase 1B
(PTP1B) aregulator of multiple signalling pathways, including the Janus
kinase and signal transducer and activator of transcription (JAK-STAT)
signalling, in Chinese red yeast rice by UF-LC-MS resulted in the iden-
tification of the selective ligand monascorubramine [321]. Limitations
of the UF-LC-MS approach include the requirement for high amounts of
purified proteins and its restriction to cytosolic proteins, since trans-
membrane proteins are prone to non-specific interactions that may
result in false positives [317].

Cell membrane chromatography (CMC) employs the integrated cell
membrane to investigate the interaction between ligands and trans-
membrane receptors. The cell membranes containing specific receptors
are immobilized on silica and packed into a column [326]. The extract is
eluted through the CMC column and those ligands with high affinity are
retained, whereas nonspecific unretained analytes are quickly elimi-
nated. The combination of CMC with LC-MS is a valid strategy for the
synchronized bioactivity screening and chemical deconvolution of
complex matrices like crude extracts. This approach has been used to
identify bioactive natural products directed towards different biological
activities [327,328], including potential immunomodulating com-
pounds. For example, Saposhnikoviae divaricate extract, a plant species
used in traditional Chinese anti-allergic preparations subjected to a
high-expression Mas-related G protein-coupled receptor X2 (MRGPRX2)
cell membrane chromatography coupled with LC-MS and the process
yielded three constituents, prim-O-glucosylcimifugin, cimifugin, and
4'-0-p-D-glucosyl-5-O-methylvisamminol, whose antiallergic activity
was further confirmed in vivo [329]. Another Chinese herbal drug
(Radix Salviae Miltiorrhiae) subjected to dual CMC containing the
epidermal growth factor receptor (EGFR) and fibroblast growth factor
receptors 4 (FGFR4) as immobilized targets, coupled to LC-MS identified
salvianolic acid C, tanshinone I, tanshinone IIA and cryptotanshinone as
ligands, with EGFR and FGFR4 activities [330]. A CMC prepared with
murine macrophage cell line RAW 264.7 and coupled to LC-MS to screen
three Chinese herbs, Rheum officinale, Angelica dahurica and Radix
bupleuri disclosed emodin, dehydrocostus lactone, scopoletin, iso-
imperatorin and phellopterin as anti-inflammatory ligands [331]. The
stability of CMC columns is expected to be improved in the future and a
larger number of suitable cells or enzymes shall be available to be used
as screening tools Hou et al. [327]. A limitation of CMC is the require-
ment of using a predominantly aqueous mobile phase (typically >95%)
to ensure proper ligand-protein interactions, which may result in
increased non-specific binding [317].

The ligand fishing technique, which can handle either large or micro
liter scale of biological samples [327] involves immobilizing a targeted
protein onto the surface of magnetic beads and the active ligands are
subsequently fished out by suspending the protein-coated beads directly
in a crude plant extract. Combining this approach with chromatographic
and spectroscopic methods permits rapid identification of bioactive
compounds from a complex matrix and has been applied to the screening
of a variety of enzyme inhibitors [332,333], in addition to fishing out
immunomodulating compounds from plant extracts. An aqueous extract
of Saussurea laniceps, a plant species traditionally used in China to treat
arthritis, was incubated with COX-2-functionalized magnetic nano-
particles, resulting in the identification of scopoletin, syringin, chloro-
genic acid and umbelliferone as ligands [334]. The anti-arthritic activity
of scopoletin and syringin was further confirmed in rat models of
rheumatoid arthritis and osteoarthritis, thus demonstrating the validity
of the approach. Ligand fishing was also employed to identify
cyclooxygenase-1 (COX-1) inhibitors from a turmeric extract [335],
disclosing four curcuminoids (curcumin, demethoxycurcumin, bisde-
methoxycurcumin, and 1-(4-hydroxy-3,5-dimethoxyphenyl)—
7-(4-hydroxy-3-methoxyphenyl)-(1E,6E)— 1,6-heptadiene-3,5-dione))
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whose chemical structures assignments in the original MS spectrum was
not straightforward as COX-1 inhibitors. Although ligand fishing in
tandem with MS is a valid strategy, the relationship between immobi-
lized enzyme activity and fishing results (accuracy and sensitivity) are
still poorly understood. In a study utilising immobilized COX-2 magnetic
microspheres with different activities, fished inhibitors from a green tea
extract reduced significantly in line with decreased activity of immo-
bilized COX-2, and revealed 3-galloylquinic acid, 5-caffeoylquinic acid,
and (—)-epicatechin 3-O-gallate as the active compounds [336]. In
addition to its dependence on immobilized enzyme activity, ligand
fishing has been limited to cytosolic proteins, since using trans-
membrane protein coated beads may promote the retention of
non-specific ligands due to boundary lipids [317].

In summary, the workflow of research into NP-based drugs has been
modernized by the incorporation of new analytical and biological stra-
tegies in the last decades. The online identification of the chemical
structure of compounds in crude extracts has accelerated the process,
mainly resulting from new tandem chromatographic methods, espe-
cially LC-MS. In spite of that, new flavors are being incorporated more
and more to the old formula by using in vitro bio-affinity assays com-
bined (either online or offline) with spectroscopic methods for structure
elucidation of the bioactive compounds. There are currently several bio-
affinity methods, other than ultrafiltration, cell membrane chromatog-
raphy and ligand fishing briefly reviewed here, that have been estab-
lished for this purpose. The common limitation to all of them seems to be
the use of simple in vitro assays, which have a poor predictive value for
complex disease states, as those targeted for immunomodulating drugs.
The development of more robust bio-affinity phenotypic models to be
employed in the screening of extracts in combination with LC-MS is a
challenge that has yet to be overcome to foster NP-based drug devel-
opment. It is also worthy to note that the isolation of bulk amounts of
active compounds will be necessary for further preclinical development,
including ADME studies.

5.2. Metabolomic approaches — advantages and limitations

As mentioned in other sections, natural products have played an
important role in the development of drugs with immunomodulatory
properties. Potent agents (purified natural products) have been identi-
fied for their immunosuppressive properties, notably ciclosporin and
then tacrolimus, which act as anti-calcineurins. Other NPs acting on the
mTOR protein (e.g. sirolimus, everolimus) are also known to have
similar clinical effects.

Often phytopreparations (e.g Echinacea), plants used in traditional
medicine (e.g. Siberian Ginseng; Eleutherococcus senticosus) or mush-
rooms (Ganoderma lucidum) have been used for their immunomodula-
tory, and particularly immunostimulant, properties. For NPs used in the
form of mono-substances as immunosuppressants, while the in vitro
pharmacological effects are well documented, a complete understanding
of the in vivo mechanism(s) still requires advanced studies. For phyto-
preparations, of the many studies that have been conducted to investi-
gate the active ingredients, the vast majority have not led to clear
conclusions for pure compounds that can explain the recorded clinical
effects and therefore more holistic studies to explain the immunomod-
ulatory mode of action in vivo are needed. For many of these phyto-
preparations, the actions of polysaccharides or various glycosides in
particular have been demonstrated, although extensive research to
model the pharmacokinetic/pharmacodynamic (PK/PD) properties of
the various components of natural extracts that are commonly taken as
medicines is lacking. Thus, in order to try to understand, at the molec-
ular level, how these NPs act and what their mode of action may be,
modern holistic approaches are necessary. In this context, metab-
olomics, which has been used since the early 2000 s in parallel with all
the omics approaches of systems biology, has become an essential tool
[3371.

The aim of metabolomics is to perform a comprehensive and
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quantitative analysis of the largest possible number of low molecular
weight (<1000 Da) metabolites in biological samples and it plays an
increasingly important role in various aspects of the life sciences, and in
particular in natural product research. Metabolomics is indeed a
component of systems biology, which includes a number of other
"omics" technologies such as transcriptomics (gene expression) and
proteomics (protein expression). Among the "omics" technologies,
metabolomics provides the most "functional” information by offering a
comprehensive view of the biochemical state of an organism [338,339]
and can be used to monitor significant changes in metabolite levels.
Indeed, as metabolites are the end products of cellular regulatory pro-
cesses, their levels can be considered as the ultimate response of bio-
logical systems to genetic or environmental changes. This information
can be used with other systems biology approaches to assess gene
function (functional genomics) and provide a holistic view of a living
system for further study.

In the context of NP research, metabolomics-type approaches can
take different forms: 1) those linked to the search for biomarkers as
described above, which are based on the comparison of metabolic fin-
gerprints with only identification of significant biomarkers; 2) others
which are not comparative in scope, which allow the complete charac-
terisation of the metabolome by metabolite profiling (deep metabolome)
with annotation/identification of a large number of metabolites.
Detailed metabolite profiling of natural extracts extends the chemical
compositional coverage of what is more conventionally done by der-
eplication (see above) in NP-based drug discovery [340].

Currently, immense compositional data obtained at the scale of a
large number of extracts opens up new possibilities for investigation in
bioactivity screening campaigns, as this potentially allows trends in
composition to be linked to the response to biological assays and thus to
predict which compound (or class of compound) may be active for tar-
geted isolation without having to go through classical and time-
consuming activity-guided isolation. This is becoming especially
possible with the recent development of chemometric methods and
artificial intelligence algorithms [341]. From a practical point of view, a
metabolomics approach is generally divided as follows: sample collec-
tion, extraction (as exhaustive as possible; different solvents depending
on the polarity), metabolite profiling of the extracts by different spec-
troscopic methods (coupled or not to chromatographic methods),
multivariate analysis of the data, highlighting of differences among the
samples, identification of associated biomarkers, interpretation of the
data at the pathway biosynthetic level and integration with other omics
data types. Such an approach can have several iteration cycles and is
mainly used to generate hypotheses in an unbiased, data dependent,
manner [337].

The profiling of the extracts is done either by high resolution MS
(large number of compounds, sensitive detection) or by NMR (major
compounds only, quantitative response). For metabolite profiling in the
vast majority of cases, coupled methods linked to ultra-high pressure
chromatography are used (UHPLC-HR-MS) [340]. LC-MS is indeed very
versatile and well adapted for profiling secondary metabolites, while
GC-MS after derivations is also often used for the study of metabolites
from primary metabolism [342]. For these different profiling ap-
proaches, however, the accurate identification of NPs remains a major
challenge. Today, there are more than 300,000 described NPs, and there
is no comprehensive database that allows easy comparison of spectral
fingerprints for unambiguous dereplication of known compounds, and
the structural predication for unknowns is even more challenging. In
order to overcome this deficiency, in silico structure-based spectral
simulation approaches have recently been developed [343]. These ap-
proaches allow the calculation of MS/MS fragmentation spectra that can
be compared with data recorded on natural extracts. In the context of
extract metabolite profiling, current approaches allow fragmentation
spectra to be recorded automatically for the largest number of com-
pounds detected. In addition, so-called *'molecular network’ (MN) ap-
proaches have also emerged and are increasingly used in NP research
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[344]. A molecular network is used to group together all the molecular
mass detected in a given extract or set of extracts [345] and taxonomic
or bioactivity metadata can be added to this information. It is thus
possible to obtain clusters that often correspond to the same type in a
graphical way. This way of organising the data allows to efficiently
identify the different classes of structure that can be found in an extract,
and to see if they are common between extracts [346]. An application of
this approach has, for example, enabled the identification of compounds
with anticancer activities in a set of more than 300 Euphorbiaceae ex-
tracts [347].

A large number of efficient structural annotation tools are open to
the research community and have been developed very recently in this
field [348]. The extensive annotation data generated are thus comple-
mentary to bioinformatics and artificial intelligence approaches that are
increasingly becoming prevalent in drug discovery [349]. Thus,
metabolomics play an important and increasingly prominent role in NP
research to provide detailed information, notably on the complex plant
metabolome. This, in turn, can serve as a functional complement to
other omics approaches, support the prioritisation of NPs of interest, and
help to understand the complex in vivo effects associated with the intake
of phytopreparations.

In the context of the search for novel immunomodulating drugs,
metabolomics has been conducted both to characterise the composition
of phytopreparations of interest and to try to gain an understanding of
their effects in vivo. Furthermore, this type of information potentially
allows to get an insight into possible synergistic effects likely to occur
when phytopreparations are taken as medication. Thus, for example,
Ginseng-based phytopreparations are used as immune-modulating di-
etary supplements in various diseases [350] or as potential vaccine ad-
juvants. Ginseng has been extensively investigated and is well
documented in the literature, and metabolomics approaches have been
developed to document its complex phytochemical composition and to
differentiate the quality of extracts found on the market [351]. Members
of the Araliaceae family, Panax ginseng (Asian/Korean ginseng) and
Panax quinquefolius (American ginseng) have been extensively studied
and the composition of their roots is well established, consisting of sa-
ponins, ginsenosides, phenolic compounds, including carbohydrates and
carotenoids. The pharmacokinetic profiles of ginsenosides have also
been investigated [352] and the immune potential of ginseng has been
investigated both in vitro and in vivo, including clinical data in humans
[350]. The phytochemical composition of ginseng products has been
characterized in depth [353]; notably a metabolomics study based on
ultra-performance liquid chromatography coupled to quadrupole time
of flight mass spectrometry (UHPLC-QTOF/MS) was applied for the
quality evaluation of white ginseng, tae-geuk ginseng, red ginseng, and
black ginseng. The generated LC-MS data were analysed and the four
processed ginseng products were well differentiated, allowing the
identification of several ginsenosides as major components of each
product. This study underlined the importance of this type of approach
for the quality control of such a complex herbal preparation [351].

To our knowledge, despite the large number of studies on the
composition and pharmacology of ginseng, very few studies have been
carried out using in vivo metabolomics. A recent study revealed that
serum and faeces metabolomics revealed a significant metabolic
distinction between American and Asian ginseng in diet-induced obese
(DIO) mice. The results indicated that both ginsengs attenuate glucose
and lipid metabolism disorders in DIO mice, and metabolic pathway
analysis shows that they both dynamically correct metabolic disorders
mainly by regulating linoleic acid metabolism, cysteine and methionine
metabolism and unsaturated fatty acid biosynthesis [354]. In another
study, the anti-stress effects and corresponding mechanisms of ginseng
total saponins (GTS) on hindlimb-unloaded rats were assessed by an
LC-MS metabolomics study. Three groups of rats were compared, one
control group, one groups of rats submitted to stress caused by micro-
gravity and a group of rat treated by GTS. Levels of plasma corticoste-
rone (CORT) and weights of immune organs including the thymuses,
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spleens, and adrenal glands were determined. Urinary metabolic profiles
of the rats under the simulated microgravity condition, with and without
GTS intervention, were compared by LC-MS based metabolomics.
Multivariate statistical analysis revealed that compared with control, the
plasma CORT level of the SM rats was significantly elevated, and GTS
could restore this elevation to a lower level. GTS could also significantly
alleviate the atrophy of the thymuses and the spleens, as well as the
hypertrophy of the adrenal glands of the SM rats. Urinary metabolite
profiling indicated that a series of metabolic pathways including taurine
and hypotaurine, purine and pyridine, and amino acid were affected and
eleven potential biomarkers were identified. The findings of this study
revealed a molecular basis for the anti-stress benefits of GTS in the
management of microgravity-related disorders [355].

At the level of pure constituents another study was performed on
Eleutherococcus senticosus (Siberian ginseng), a medicinal plant con-
taining apoptogenic substances believed to regulate immune responses
[356]. In this study the effect of Eleutheroside E (EE), a lignan glycoside
known to have protective effects in ischemic tissue and
anti-inflammatory actions, were assessed by metabolomics using
GC-MS, which is known to be particularly suited for the detection of
primary metabolites after derivatisation [342], to quantitatively mea-
sure the abundance of known primary metabolites in H9c2 cells.
Pre-treatment with EE dramatically inhibited mitochondrial oxidative
stress and various markers were assessed and 68 metabolites with
reproducible signals were monitored in each sample and visualized in a
heat map. Pathway analysis highlighted the inhibition of fatty acid
biosynthesis and alternation of arginine and proline metabolism as two
potential  links to the favourable effect of EE on
hypoxia-reoxygenation-injured cardiomyocytes. This provided evidence
that EE may be a potential drug for myocardial ischemia-reperfusion
injury by reducing oxidative stress, NF-kappa B activation, and meta-
bolic reprogramming [357].

As discussed here, metabolomics has great potential for under-
standing, at the molecular level, how NPs act on the immune system,
whether as a single substance or a complex phytopreparation. Although
introduced almost 20 years ago in NP research, this approach should be
more systematically used to understand how NPs act in order to discover
new active ingredients and new targets. Metabolite profiling methods
have evolved considerably and now allow the detection of a very large
number of metabolites and provide information rich high-quality spec-
troscopic data. However, the unambiguous structural identification of
biomarkers or NPs in extracts remains a major challenge. Recent
methods relying on spectral matching against large in silico databases as
well as data analysis in the form of molecular networks have allowed
substantial progress. These methods are beginning to have the ability to
predict even unknown metabolites [348]. However, major efforts are
still needed in this direction to achieve confident structural annotation.
This is important because only accurate structural knowledge can enable
correct interpretation and thus pave the way for important changes in
Pharmacognosy in the digital era [358]. We believe that the contextu-
alization of the mass of information obtained by metabolomics with the
establishment of an integrated and open databases ecosystem will
nurture the discipline.

There is thus great potential to link the pharmacological data re-
ported for many NPs to their effects reported at the clinical level, and
this will become possible through the rapid advances in artificial intel-
ligent methods, provided that data are correctly reported in searchable
format. To explain the clinical effects observed with the use of specific
plants, reverse pharmacology approaches will be important and, in this
context, metabolomics should allow full characterisation of the
composition of the used phytopreparation on the one hand, but also
ideally to monitor the metabolism of the compounds in biological fluids,
which should make it possible to obtain PK/PD data ideally on all the
constituents. Studies in this direction have already been conducted in
vivo in animals for Traditional Chinese Medicine preparations [359] and
advanced ex-vivo models of intestinal permeation also show good
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potential in this context [360]. A better knowledge of the permeation
and metabolism of NPs should then allow the testing of compounds that
have a real role in vivo on relevant pharmacological targets to explain a
given immunomodulatory effect. In this context, metabolomics and
other omics approaches used in systems biology will undoubtedly allow
deciphering at the molecular level how various NPs modulate the im-
mune system. For phytopreparation, investigations of the gut microbiota
must also be carried out because ingested NPs certainly have an
important influence at the intestinal level and probably can thus indi-
rectly explain the clinical effects observed [361]. Although very com-
plex, research is beginning to be carried out in this field [362] and
metabolomics also has an important role to play.

6. Future perspectives, opportunities and challenges

6.1. Phylogenetic approach to identifying sources of NP-derived
immunomodulating drugs

The fact that plants in certain families are more likely to be known
for medicinal use has long been reported by ethnobotanists [363,364].
Families reported as being particularly rich in medicinal species differ
between temperate and tropical regions, and between New World and
Old-World flora, but often include Apocynaceae, Fabaceae and Lam-
iaceae [363-366]. At finer taxonomic scales, plants from the same genus
are often used more or less interchangeably for a particular disease; for
example, several different species of the genus Aspidosperma are used as
antimalarials in Latin America [367]. These patterns in the taxonomic
distribution of plants traditionally used as medicines are also apparent
in plants from which clinically approved drugs have been derived, and
there is increasing evidence that they are attributable to shared chemical
pathways in closely related plants [368].

Over the past decade, growth in the availability of genetic data for
plants coupled with development of software for comparative phylo-
genetic analysis has facilitated a more comprehensive and detailed un-
derstanding of how medicinal plant species are distributed across the
plant Tree of Life (Reviewed in [369]). Numerous studies confirm the
earlier inferences of ethnobotanists that, far from being randomly
distributed, plants used for medicine are strongly clustered on the Tree
of Life [9]. Furthermore, clusters of medicinal plants are not confined to
genus or family level, toward the tips of the Tree of Life, where they can
be readily detected using taxonomic classifications; such clustering can
be traced to deep lineages in the Tree of Life (as indicated in [367]) and
these same deep lineages rich in medicinal plants are reported from the
floras of geographically and culturally distant areas of the world [369].

Phylogenetic approaches are powerful not only for detecting, but
also for quantifying how traits of interest are clustered across the Tree of
Life. A wide range of metrics is now available for this purpose [370] but
the most fundamental metrics measure phylogenetic signal, i.e. the
extent to which related species resemble each other more with respect to
the trait(s) of interest than species drawn randomly from the same
phylogenetic tree [371]. Correlations between trait (phenotypic) simi-
larity and phylogenetic relatedness may be attributable to closely
related species retaining a trait shared by a common ancestor, or to them
responding in similar ways to similar ecological pressures. While dis-
tinguishing between these two situations is of great interest for ecolo-
gists [372], such fine distinctions are not necessary to recognise and
realise the value of phylogenetic signal for bioprospecting.

Combining well-supported plant phylogenies, enhanced knowledge
of plant chemistry and one of the phylogenetic metrics mentioned
above, a recent comprehensive analysis of phylogenetic patterns in the
distribution of plant secondary metabolites (PSM) across the plant Tree
of Life showed significant but weak phylogenetic signal for all eight
classes of plant secondary metabolites studied, highlighting the poten-
tial to use such phylogenetic signal for bioprospecting [373]. Here we
explore the extent to which these new findings are directly applicable to
the urgent search for new immunomodulators.
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Fig. 10. Overview of cheminformatics in natural product discovery. Different descriptors of natural products are collected and abstracted. These can subsequently be
clustered and classified or pharmacophore structures can be detected with similarity searches or machine learning approaches. Basic information about proteins, such
as high-resolution 3D structure and binding sites, as well as additional information, such as PPI networks and gene expression profiles are collected. Links between
natural products and proteins can be built based on either experimental assays or computational approaches, such as virtual screening. Based on the collected in-
formation from natural products and proteins and the links constructed between them, druggable natural products could be screened based on common targets of
well characterised drugs, or the mode of action of newly discovered drugs could be identified by target prediction and network analysis.

Immunomodulatory activity has been reported from a wide range of
phytochemical classes [374,375], sourced from many different plant
families and genera across the Tree of Life. Many of these plants and
their constituents are associated with nutraceutical or traditional me-
dicinal uses, rather than for pharmaceutical drug discovery or devel-
opment. Clear taxonomic patterns in the source plants are not evident
from the lists and tabulations published to date [376]. Furthermore, any
search for such patterns must be undertaken in the knowledge that most
of the available data is ‘presence only’: the absence of a report of
immunomodulatory activity from a particular plant does not imply that
it will not be found in the future (by a different method, from a different
plant part, in a different season), merely that it has not been reported to
date. Moreover, since scientists have learned to look for similar phar-
macological activity in closely related species, some clusters of closely
related species with immunomodulatory activity may represent evi-
dence of targeted sampling as much as phylogenetic signal. For example,
paclitaxel, originally reported from the Pacific yew tree (Taxus brevifo-
lia), prompted a successful search for molecules with similar activity in
other species of Taxus [107,109]. Notwithstanding all these caveats, we
consider a phylogenetically informed search for potential sources of
immunomodulators a worthwhile endeavour, not least because signifi-
cant phylogenetic signal for medicinally relevant activity can often be
detected in large datasets, even if incompletely sampled (as indicated in
[367]).

Although many compound classes have immunomodulatory activity,
only certain phytochemical classes have been developed, or are under
evaluation, for drug or vaccine adjuvant discovery (see Section 2.2.). For
example, a phylogenetically-informed search for triterpene saponins, a
compound class of high interest for vaccine adjuvant development,
could take into account the recent findings that, across seed plants,
terpenoids are the PSM class to show strongest phylogenetic signal, and
that they tend to show phylogenetic signal across different taxonomic
scales (from genera and families to deep nodes in the Tree of Life), in
sharp contrast to steroids which tend to be randomly distributed across
most taxonomic scales [373].

Importantly, detecting strong phylogenetic signal for a particular
PSM class in a particular clade does not necessarily reflect strong
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conservation of PSM compounds; it could equally be attributable to
bursts of diversification, which are also of interest from a bioprospecting
perspective. Across all seed plants, [373] interpreted the observed
phylogenetic signal as consistent with strong diversifying selection
and/or relatively weak evolutionary constraints on PSMs. They suggest
that the patterns of PSMs across major clades might be attributable in
large part to multiple origins of PSM biosynthesis due to external se-
lective forces for different genetic pathways. This interpretation of
frequent multiple origins of major classes of secondary metabolites
across the seed plant Tree of Life is consistent with studies at finer
taxonomic scales (on smaller species groups) of smaller groupings of
PSMs. For example, the low degree of relatedness of enzymes recruited
for triterpene saponin biosynthesis, which appears to have occurred
multiple times during evolution, suggests that triterpene saponin
biosynthesis in plants is not restricted to a specific phylogenetic origin
[377]. Indeed, a separate study revealed that triterpenes with an ole-
anane aglycone are the most common triterpene class and are present in
most orders of the plant kingdom [378]. Since the majority of triterpene
saponins evaluated for potential vaccine adjuvant activity are derived
from oleanane (Supplementary Table 1), their phylogenetic distribution
in plants, and particularly any specific glycoside substitution patterns
that correlate with structure-adjuvant activity, merit more extensive
scrutiny to establish if a phylogenetic signal can be detected. This
approach could facilitate prediction of plants as potential new sources of
triterpene saponin-derived vaccine adjuvants. An initial focus for this
approach could concentrate on plant species in the Malvid clade, where
terpenoids show strong phylogenetic signal, perhaps contrasting them
with species of the closely related Fabid clade in which terpenoid dis-
tribution appears random [373].

Although our exploration of opportunities for phylogenetic pro-
specting for natural product derived immunomodulators focused pri-
marily on seed plants, many of the principles discussed are applicable to
the fungi. In fact, opportunities for phylogenetic prospecting in the
fungal kingdom are arguably more exciting than in plants. As discussed
for plants, most reports of immunomodulatory activity in fungi likely
represent ‘presence only’ data, however this limitation may be offset by
the fact that the decades-long reliance of fungal taxonomists on DNA
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Fig. 11. Framework for transcriptomics analysis of the mode of action of CKI. An in vitro model using CKI in cancer cell lines was used. Transcriptomes were
obtained using RNA-Seq and differentially expressed genes representing the perturbation caused by CKI were identified. Genes and pathways perturbed by CKI were
identified based on differentially expressed genes using functional genomics and network biology approaches. These genes and pathways were used as candidates for

further validation to confirm the mode of action of CKI.

sequence data for classification has resulted in a relatively large pro-
portion of the fungal species known to science being represented by
sequence data, providing an exceptionally well-sampled phylogeny in
terms of the known diversity. From a sustainability perspective, col-
lecting fungi does not cause detriment to species or ecosystems as only
minuscule quantities of mycelium are sampled. In fact, such samples, if
cultured in vitro, can be conserved in biobanks, safeguarding genetic
diversity which might otherwise become extinct [107]. Moreover, the
fungal diversity yet to be scientifically described is estimated to greatly
exceed plant diversity in terms of species numbers [379] offering vast
potential for discovery of uncharacterised biosynthetic pathways and
novel molecules of interest for drug discovery.

6.2. Bioinformatics approach to identifying sources of NP-derived
immunomodulating drugs

The advances in sequencing technologies and computational
methods in the post-genomic era have propelled bioinformatics into
significant roles in almost every aspect of biological research. In phar-
macology, computational approaches have been broadly used, from
characterising and identifying novel drugs, to exploring the molecular
mechanisms of existing drugs. This is particularly true for natural
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products or natural product-derived drugs, since most natural products
are compounds that are biosynthesized by primary or secondary meta-
bolic pathways. Genomic approaches, such as whole genome
sequencing, will be useful tools to understand the biosynthesis of natural
products. More importantly, in contrast to synthetic drugs which are
identified with clear and specific target(s), natural products are likely to
have multiple gene or pathway targets, many of which are still
uncharacterised. Systems biology, network biology and functional ge-
nomics are well suited to this task.

Cheminformatics is the most widely used bioinformatics area in the
study of natural products. Cheminformatics compiles computational
approaches to build and extend the links between two core elements,
natural products and proteins, based on the molecular similarity prin-
ciple of “similar molecules have similar biological effects” [380]
(Fig. 10). As the first core element, descriptors representing various
properties of natural products are collected and prepared. These de-
scriptors might be molecular fingerprints abstracted from 2-dimensional
chemical structure, physicochemical properties, and topological infor-
mation. In addition, 3-dimensional conformational space and molecular
space can also be translated as descriptors to reconstruct the profile
arrays of natural products for computational methods. Once the profile
arrays of natural products have been reconstructed, molecular similarity
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analysis can be performed to group natural products based on their
pharmacophore structures, or to infer the potential mode of action of
novel identified natural products if they share a similar profile array
with well characterised drugs. Protein structures are the other core
element for cheminformatics, as high-resolution protein structures are
essential for virtual screening of potential binding ligands. PPI (Pro-
tein-protein interaction) networks could greatly extend our under-
standing in polypharmacology after building the bridge between natural
products and their target proteins. Links between natural products and
proteins could be bi-directional. Novel natural products and their po-
tential clinical applications could be screened and inferred based on
molecular similarity searches against well-characterised drugs. On the
other hand, the polypharmacology of natural products means that they
may have multiple targets. By building the links between natural
products and proteins with additional information, such as PPI, new
targets of natural products could be predicted for repurposing their
clinical applications. In addition, unwanted adverse or side effects of
natural products could also be identified. Furthermore, many natural
products are used as complementary medicines in clinical settings and
precision administration of natural products could be based on their
targets of proteins and pathways. Although traditional experimental
assays, such as affinity chromatography, three-hybrid systems, genetic
screening, functional interference approaches, are still fundamental
tools for building the links between natural products and proteins [381],
novel computational approaches, such as machine learning and deep
neural networks, have been developed and implemented in natural
product discovery and target deconvolution. For example, a method
with trained multi-task neural networks based on large-scale medical
indication data was developed to find the privileged scaffolds of natural
products, which could serve as an improved source of leading structures
for the purpose of natural product abstraction [382]. Another target
prediction model leveraging the transfer learning method was built and
fine-tuned using a natural product dataset to improve the prediction
performance of the targets of natural products [383]. Although the
development of cheminformatics has dramatically enriched our “tool-
kit” for discovery of hidden “treasures” in natural products, new chal-
lenges are also posed. First, available knowledge bases, including both
natural product and protein databases, and biological data linking these
two core elements, are still limited. The limited size of knowledge bases
will lead to false negative discoveries, while the poor quality of these
knowledge bases due to lack of validation will lead to false positive
predictions. Second, many approaches in cheminformatics were initially
designed from synthetic compounds/drugs, therefore, the results should
be interpreted with caution when they are applied to natural products.
Third, computational cheminformatics approaches are powerful tools
for simplifying the screening of bioactive natural products, however
additional validations are still needed to confirm those predictions.

In addition to well-characterised cheminformatics approaches used
in the study of natural products, other genomic and transcriptomic
based methods, including functional genomics, network biology and
systems biology can also be applied to study the mode of action of
natural products. This is particularly useful for many natural products
that include multiple compounds, such as herbal supplements or many
Traditional Chinese Medicines (TCM), which might target multiple
genes and pathways. Instead of fractionating the mixtures into indi-
vidual ingredients, and studying their mode of action individually,
Adelons’s group have investigated CKI (Compound Kushen injection), a
TCM from extracts of two medicinal plants (Fig. 11). Transcriptomes of
in vitro models including multiple cancer cell lines treated with different
doses of CKI, were obtained using RNA-Seq. Differentially expressed
genes in CKlI-treated cells compared to untreated cells were identified,
and functional enrichment methods together with network biology were
employed to identify the potential gene targets of CKI, along with po-
tential CKI-perturbed molecular pathways [384,385]. With this
transcriptomics-based framework, they were able to identify cell cycle,
energy metabolism and DNA repair as potential target molecular
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pathways for CKI inhibition of cell proliferation and induction of
apoptosis in cancer cells [386]. In addition, combined with a fraction-
ation, deletion, and reconstitution method, they found that many com-
pounds in CKI interact with each other and function together. This
approach allowed identification of innate immune system cytokine
signalling pathways as critical targets for CKI driven perturbation of the
cell cycle in cancer cells [285]. As sequencing costs keep dropping, more
genomic resources are becoming available for the characterisation of
novel bioactive natural products using genome mining methods. The
biosynthetic gene clusters (BGC) in bacterial and fungal genomes are
central targets in genome mining. Recently, Robey et al. used compar-
ative genomics to explore the BGCs from more than 1000 fungal ge-
nomes and constructed a comprehensive repertoire for natural products
in fungi [387]. Moreover, third generation sequencing makes the correct
assembly of large medicinal plant genomes possible, allowing more
genes and pathways involved in the biosynthesis of bioactive com-
pounds in medicinal plants to be identified and characterised [388,389].

Compared to traditional experimental approaches, bioinformatics is
still a young but fast-growing research area. Novel methods have
emerged at a remarkable rate thanks to increased high performance
computing and sequencing techniques. Except for cheminformatics,
many bioinformatics approaches are still to be adapted to study natural
products. Single cell DNA sequencing-based metagenomics has been
used to investigate BGCs of natural products from uncultured microor-
ganisms in environmental samples [390]. In addition, single cell RNA
sequencing (scRNA-Seq) has the potential to revolutionize our under-
standing of immunology as our immune response requires a complex
variety of immune cell types working together spatially and temporally.
For example, the composition and heterogeneity of immune cells in the
liver have been profiled using scRNA-Seq. SCRNA-Seq analysis was also
used to reconstruct the trajectory of immune cell populations, such as
Th17 (T helper 17) cells, in pathogenic tissues [391,392]. Given that
many natural products target multiple pathways, scRNA-Seq analysis
has exciting potential to help us understand the process of differentia-
tion, maturation and activation of immune cells triggered by natural
products in vivo during homeostasis as well as pathological conditions.
Another RNA-Seq approach is expression perturbation analysis at
network or pathway level. The traditional approach in
transcriptomics-based gene expression analysis is to identify differen-
tially regulated genes first, and then identify perturbed networks or
pathways based on the overrepresentation analysis of differentially
expressed genes. However, genes and their protein products in living
organisms interact with each other as regulatory networks and path-
ways. Therefore, we can quantify the perturbation status of interacting
regulatory networks or pathways by integrating the expression profiles
of genes with their hierarchical organisation in the network or pathway.
This approach will enable us to better understand the mode of action of
natural products at network or pathway scale, based on the poly-
pharmacological nature of natural products.

6.3. Nagoya protocol — the importance of the Convention on Biological
Diversity (CBD) and benefit sharing

Since the Rio Convention (1992), the Nagoya Protocol (2010) and
the progressive implementation of national legislations, access to Ge-
netic Resources (GR), extracts, natural molecules and traditional
knowledge associated to GR (TK) is being regulated in most countries of
the world. Therefore, it is now necessary to pay particular attention in
order to ensure the legal security essential to the work of researchers in
the public or industrial sectors. Access to natural resources from biodi-
versity that are of interest to pharmacological researchers, is nowadays
within the scope of new regulations implemented in most countries of
the world. Therefore, ensuring the legal security is a key step before the
conduct of laboratory research.
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Fig. 12. The virtuous circle that connects the three objectives of the Conven-
tion on Biological Diversity and the Nagoya Protocol.

6.3.1. Findings and considerations that led to the CBD and the adoption of
the Nagoya Protocol ( NP)

The duty to preserve our environment has developed at least since
ancient Greek times and really became an environmental conscience in
the 1970s with the creation of the United Nations Environment Program
and the first Earth Summit in Stockholm (1972). During the third Earth
Summit (Rio de Janeiro, 1992), it appeared necessary for the sake of our
biosphere to combine the objectives of preservation, sustainable devel-
opment and sharing the wealth resulting from biodiversity within a
virtuous circle (Fig. 12).

A major advance of the Convention on Biological Diversity (CBD)
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[393] was the recognition of the sovereignty of states over their biodi-
versity (plants, animals, fungi and microorganisms) and associated
traditional knowledge. Previously these resources were considered as
common heritage of humanity. Initially, CBD only concerned genetic
resources in the strict sense, i.e. the functional units of heredity. But
since neither the pharmaceutical, cosmetic nor perfumery industries use
genetic resources the system set up by the CBD did not work. The
Nagoya Protocol (NP) [394] brought clarity in 2010 by integrating ex-
tracts, materials themselves and naturally occurring molecules. How-
ever, shortly after the CBD some nations, such as the Andean nations,
Costa Rica, Brazil, India and South Africa, had already taken such reg-
ulatory measures (Fig. 13).

6.3.2. Scope of the Nagoya Protocol

Which materials and resources are in the scope of Nagoya Protocol?
The Nagoya Protocol applies to the utilization and the valorisation of
genetic resources e.g. whole or parts of plants and animals, fungi and
microorganisms (virus, bacteria etc.). It also concerns the use of tradi-
tional knowledge associated with genetic resources, which means
ancestral knowledge and practices held by local communities for years.
This knowledge plays an important role in the discovery of new activ-
ities of molecules contained in genetic resources, particularly for phar-
maceuticals applications. It does not apply to human genetic resources,
genetic resources located outside of national jurisdictions, genetic re-
sources for food consumption, such as those listed in the annex 1 of the
International Treaty on Plant Genetic Resources for Food and Agricul-
ture [395] and commodities, except otherwise specified in national
regulations. Special provisions are provided in Article 8 of the NP [394]
for emergency situations such as pandemic.

What activities are covered by the Nagoya Protocol? Utilization
means any activity of research and/or development with commercial
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Access to genetic resources for R&D in the
broadest sense to be regulated by national laws

Fig. 13. Evolution of access to genetic resources following the Convention on Biodiversity (CBD) and the Nagoya Protocol (NP).
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Table 4
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Under the Convention on Biodiversity, each source country has a unique combination of access parameters based on its own legislation. This does not simplify the

understanding of potential GR users.

Wild native resources
Natural Products
National Actors
Commodity formulation

Who should share, benefits in value chain? Intermediates, final user....

Cultivated/breeding resources
Natural products derivatives
Non-national actors

Extracts valorisation

Introduced resources
Genetic sequences
Industry actors

Research & Development

Implications of traditional communities by source country

Wild resources related species

Nature of R&D or of industrial sectors
Public lands Private lands
Possible retroactivity

Evolution of regulation

Mandatory local collaboration ...

Ex situ resources
Traditional knowledge
Academic actors
Intellectual protection

Table 5
Risks and opportunities for users of genetic resources and associated traditional
knowledge.

Opportunities Risks

Securing the sourcing and supply of
elements issued from biodiversity

Sharing practices, developing
transparency and trust all along the
value chain (from suppliers to
customers)

Supporting partners and developing
strong partnerships and implementing
collaborative projects

Developing climate of trust with
National Competent Authorities of the
supplier countries development and
concretisation of the projects’
meaning and purpose for
organisations and their employees

Developing awareness/consciousness
within companies towards more “fair”
use of natural resources, and the need
for biodiversity protection

Implementing concrete actions for
preserving r restoring biodiversity,
creating jobs, sustainable valorisation
and improvement of local livelihoods

Supporting innovation

Misunderstanding between parties and
difficulties in determining the legal and
practical meaning of provisions defined
in ABS framework

Legal uncertainty all along the value
chain actors due to unawareness of small
actors regarding the provisions of ABS

Granting access permit often requires
time; timelines for entering into PIC/
MAT may not be compatible with R&D
schedules and objectives

Possibility of failure of the ABS
negotiation and therefore impossibility of
starting the research project

Discouragement of GR/biodiversity
conservation studies

intent or not, performed on natural resources. Thus, any researcher or
company working with materials obtained from biodiversity, perform-
ing research about the properties of biochemical compounds to acquire

new knowledge and/or to develop new ingredients/products would be
considered falling within the definition “utilization of genetic resources”
as described in the NP, and subsequent national laws; for example,
research on plant extracts to develop new pharmaceutical or cosmetic
ingredients, analysis and research of plant samples to develop new fra-
grances or new colorants. The valorisation of any of the above-
mentioned activities is concerned by the scope of the NP. The defini-
tion of valorisation relates not only to the commercial exploitation of
products issued from R&D activities, but also to scientific publications,
technological transfer, patents etc. While access to genetic resources not
intended to be used for research and development is not in the scope of
NP, measures applicable to those accesses may have been adopted by
national competent authorities. Indeed, as specified in article 15 of the
CBD [393], natural resources are placed under the sovereignty of states.
Each state is thus responsible for determining the measures applicable
for access occurring in its territory; for example, to regulate only the
access to wild genetic resource, to include or not cultivated plants, to
include introduced resources etc. Non-parties to the NP can also
implement Access and Benefit Sharing (ABS) laws, independently of the
Protocol ratification, resulting in specific-country requirements and
heterogeneity in the rules to be applied around the world and
amounts/nature of benefit to be shared (Table 4). All these different
factors have a direct impact on potential users regarding the free-
dom/possibility of access, duration of negotiation, administrative costs,
amount of benefit to be shared and finally on the economic feasibility of
their project. Thus, it is important for users to refer to the national
regulation in place in the country concerned with the sourcing of the
materials, and not only to the principles of the NP or the state of rati-
fication (Fig. 14) to know their obligations.

6.3.3. Obligations of states/providers/users
It is important to note that all too often GR users are convinced that

| (@ Is there an ABS regulation enforced in the Source Country to Date ?

NO YES

| @ Restricted access for the planned Utilisation ? |

NO

YES *

ACCESS TO BE NEGOTIATED

Q) Is the European Regulation 511-2014 applicable ?

For EU users when 10 cumulative conditions = Due Diligence Declaration(s)
- External funding received for your research
- Before commercialisation of GR/TK derived products

YES

DUE DILIGENCE DECLARATION(S) TO BE DONE

Fig. 14. Key questions to be answered before accessing Genetic Resources (GR) or Traditional Knowledge (TK).
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Table 6
Structural and functional differences between providers and users of genetic
resources.

Providers Users

“Rich” countries in the North
Technology & Industry rich

“Poor” countries of the South

Biodiversity & TK (traditional knowledge)
rich

Technology & Industry poor

Governments, local communities, NGOs

Control over their GR & TK

Certainty of benefits sharing after access
negotiation

Great expectation of funding

Interested in economic development,

Biodiversity poor

Academic or Industry researchers
Fair & Transparent access
Realistic timelines, clear and fair
negotiation

Limited funding opportunities
Interested in innovation

preservation
(Biodiversity) legislation often poorly Need of legal security, clarity and
developed transparency

the Nagoya Protocol or the Convention on Biological Diversity applies to
them. In fact, GR users are only concerned by the national biodiversity
access laws of the source country (Supplementary Fig. 3). In contrast,
nations that are signatories to the CBD [393] or the NP [394] must
respect their international commitments by transcribing the rules of
access to their biodiversity into national law and implementing mea-
sures to check users’ compliance. Information regarding regulations in
place are available on the website of the ABS Clearing House [396]. In
European Union member states, users have due diligence and compli-
ance obligations imposed by European Regulation 511/2014
[397-399]. When some conditions are cumulated, they need to declare
via an electronic portal external funding received for their research and
to testify before commercialization of a GR/TK derived product.

6.3.4. Risks and opportunities related to ABS regulations

ABS regulations are fully enforced within about 50 countries and are
currently under development in numerous countries parties to the
Nagoya Protocol (e.g. China, Morocco). To date (December 2021), 131
nations are parties to the NP out of a total of 198 countries. Some parties
(e.g. India) are currently revisiting their ABS rules, thus users are
working in a constantly evolving legal environment. If ABS regulations
are often considered as a constraint by users, they also represent op-
portunities (Table 5). Among them, the development of awareness and
consciousness within universities/ companies and researchers towards a
more sustainable and fair use of GR. ABS can support the sense to belong
to a community acting for protection of biodiversity and allowing all
stakeholders to identify themselves to the purpose of their organization.
It’s important to notice that stakeholders involved around ABS within
private companies are belonging to various departments (R&D, intel-
lectual property, legacy, purchases, sourcing, marketing, regulatory...):
dealing with ABS requires various experts and team cooperation in order
to comply with ABS laws. ABS regulations are also an opportunity to
create value and develop strong partnerships between organizations,
local communities, and competent authorities.

6.3.5. Assessment of the NP 10 years after its adoption vs. its objectives
Due to different states of maturity of the ABS framework in the
world, and to the absence of international harmonization, users face
many questions and many challenges when they intend to access genetic
resources or natural extracts. Ten years after the adoption of the Nagoya
Protocol, grey zones for users remain. Among them, we can find defi-
nition of traded commodities exempted from ABS rules, what activities
are involved under the definition of Research and Development, and
utilization of a genetic resource accessed prior to the implementation of
the National ABS law. Moreover, some of the expectations of the Nagoya
Protocol have not yet been met, since the conditions to access to genetic
resources and natural extracts are country dependent. The combination
of opposite identities and expectations between providers countries and
users may therefore lead to some difficulties in the implementation of
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national regulations (Table 6) and to legal uncertainty. Moreover, strong
divergences between expectations and reality resulting from the first
decade of Nagoya protocol, have generated frustration for all stake-
holders involved in the process [400]. Although the ABS process can
contribute to reaching some of the objectives defined in the CBD and the
NP, it is insufficient alone in view of the importance of the environ-
mental issues [401].

The urge of biodiversity conservation/restoration is recognized
worldwide, but there is a need for a clear, comprehensive legal frame-
work and international harmonization. Locally, several or different laws
may regulate wild plant collection and/or, agriculture; fragmented
provisions providing different levels of protection for biological re-
sources, with different administrative authorities, may be complex for
users to handle [402] when instead they need both a significant level of
legal certainty and a comprehensive and coherent framework. Flexi-
bility in the applicable laws is also expected, for example, simplified
access measures for academic research or at early stages of a company
project. The imposition of long, difficult and costly access procedures
may discourage users to operate in some countries, as they have no
guarantee in the success of their project or a return on investment. Clear
dispositions are also expected from users regarding benefit sharing itself,
including precise and understandable calculation methods, a reasonable
level of monetary benefits to be shared, or a preference for
non-monetary benefit sharing which directly benefits both biodiversity
and local people.

Processes to obtain access permits and to enter in ABS agreement are
time consuming for stakeholders and require substantial human and
financial resources from both governments and private/public sectors
[403]. Simplified procedures are expected from all stakeholders, to
make the ABS process easier to understand and to apply, and to be more
efficient. Enhancing awareness among stakeholders, concretizing coor-
dination among different agencies are continuing challenges in the
implementation of the ABS [404].

6.3.6. Current and future perspectives

The complexity of national ABS measures, costs and long delays
associated with finalising ABS agreements are well known within the
scientific community and there are emerging legal issues pertaining to
these aspects of ABS around the world, to ensure that clear national
access measures and legal frameworks are decisive for the future. Over
the next decade, the international community will adopt the global
biodiversity framework during the upcoming 15th Convention of Parties
(COP15) which should be held in China in 2022, where many questions
about enlargement of the scope of ABS, such as “Digital Sequence In-
formation on Genetic Resources”, [405] and GR beyond national juris-
diction [406], are to be discussed. If Access and Benefit Sharing in the
scope of Research and Development, as agreed by the international
community can play an important role in the protection of biodiversity,
not all the biodiversity issues can be solved through ABS. Other actors
and industries that use elements of biodiversity should also contribute to
the international effort of biodiversity preservation and restoration. The
size of challenge to counter the loss of biodiversity in the next decades is
important, and will probably need major reforms in public policies,
regulations and economic models.

7. Concluding comments

From a general point of view, insufficient access to quality, safe and
affordable drugs in LMICs has represented a significant challenge to
public health for decades. Importantly, for example in Africa, the recent
creation of the African Medicines Agency will help the establishment of
a global, harmonized regulatory framework for medicines [407]. In this
context, the potential market for novel and established NP immuno-
therapies is huge worldwide and will allow greater patient access to
treatment through cost savings.

A larger and stronger market for NP therapies in LMICs would also
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Table 7
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Natural Products and Immunology Biomarkers. Numbers represent the number of publications in Pubmed associated with the indicated keywords shown in the row

and column headings.

Natural Products Curcumin Resveratrol Polyphenol Flavonoid Adenosine
PD-1 19,250 615 12 7 13 30 130
CTLA-4 10,851 589 3 3 5 6 63
FoxP3 18,789 782 33 19 32 66 168
CD40L (CD154) 9434 526 6 2 10 38 143
CD25 19,319 989 24 12 14 61 171
CD28H 13 0 0 0 0 0
CD28 12,173 471 17 11 14 50 73
1COS 2193 58 2 0 1 4

help closing a virtuous economic circle. First of all, several natural
product sources typically come from emerging economies. Secondly,
moving toward a more sustainable development, industrial wastes from
plants offer a wide spectrum of possibilities for their valorisation, still
being enriched in high added-value molecules such as secondary me-
tabolites, that can be used in various fields of pharmacotherapy [408].
Local production and access to medicines in LMICs will result in lower
prices, greater availability, local capacity building in manufacturing,
supply chain management, and ultimately health system strengthening
[409].

Thus, LMICs need to have drugs available, of good quality (a major
problem in some LGICs) and also to have the capacity to develop their
own drugs, with appropriate control of quality and safety, which ne-
cessitates having good immunological research. As an example, Iran has
been able to produce its own vaccine against SARS-CoV-2, thanks to an
ongoing collaboration with Institute Pasteur-Iran. However, it is
important that some capacity for molecular immunological research is
present in LMICs. It is a waste of scarce resources just to show reduction
of paw oedema, following Freund’s adjuvant, by herbal mixtures, or
even purified natural products, without a molecular mechanism of ac-
tion, even though there are hundreds of such papers. Education for
immunopharmacology, with freely available websites, has therefore
been initiated by a collaboration between the International Union of
Immunological Sciences (IUIS) immunopaedia [410] and the Interna-
tional Union of Basic and Clinical Pharmacology (IUPHAR)
IUPHAR/BPS Guide to Pharmacology [411] leading to the IUPHAR
Guide to Immunopharmacology [412] and the IUPHAR Pharmacology
Education Project [413] which links to immunopaedia. Best practice is
discussed in Section 5, as is quality of natural products, return of benefits
to the country of origin (Nagoya) and deconvolution of activity from
herbal mixtures using metabolomics. Safety is a critical issue, which
requires quality control of the substances, and also specific exclusion of
substances known to cause toxicities, such as drug-induced liver injury
[414]. Metabolomics can play a critical role in the safety of mixtures by
ensuring exclusion of such substances. It is therefore essential that
LMICs have access to centralised facilities such as metabolomics, which
could be set-up on a national or continental scale. Centralised immu-
nological facilities in LMICs can also be critical resources for the
development of natural products, particularly as research on the in-
teractions of natural products with check point inhibitors (Table 7) is
growing rapidly.

As a final word, the principal aim of this review was to provide a
position statement on the natural product drug discovery process in the
search of novel immunomodulators, to serve as a guide to researchers
who are active (or planning to be) in this field. While the review contains
a number of examples of studies demonstrating clinical effectiveness of
natural product-derived immunomodulators, it was beyond the scope to
include detailed descriptions of the large amount of clinical data that has
been collected. Therefore, a position statement on the clinical status of
natural product immunomodulators will follow.
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Supplementary Table 1. Examples of terrestrial plants and their saponin constituents evaluated for potential vaccine adjuvant activity.

Plant name* Plant Saponin Pharmacological evidence Clinical evidence
(family) part constituents
[Vernacular name]
Achyranthes Root Triterpene saponins | Saponin extract enhanced induced splenocyte Lack of published
bidentata Bl including oleanolic | proliferation and antibody (IgG, IgG1, IgG2b) titres | clinical studies to assess
rdentata Biume acid derivatives in ovalbumin-immunised mice [430, 431]. vaccine adjuvant effects.
(Amaranthaceae)
[Japanese chaff flower]
Albizia julibrissin Stem Triterpene saponins | Saponin fraction improved the immune response in Lack of published
Durazz. (Fabaceae) bark including oleanolic | vivo and as an adjuvant, triggers a Th1/Th2 response | clinical studies to assess
. acid derivatives to avian influenza vaccine and to ovalbumin [432, vaccine adjuvant effects.
[Silk tree]
433].
Macrophage activation by a saponin fraction may be
via Ca?*-ERK1/2-CREB pathways [434].
Astragalus species Root Triterpene saponins | Combined saponins, cholesterol, and liposome Lack of published

including 4.
mongholicus Bunge and
A. oleifolius DC.

(Fabaceae)

including those
based on
cycloartane;

include
astragaloside VII,

formulation elicited an antibody response and high
interferon-y resulting in antitumour activity in vivo
[435].

Extracts enhanced immunity to improve
chemotherapy efficacy, to prevent tumour invasion
and metastasis and tumour immune

clinical studies to assess
vaccine adjuvant effects.




macrophyllo-
saponin B

microenvironment in different tumour models in vivo
and in vitro [436].

Astragaloside VII and macrophyllosaponin B
generated antibody and cellular responses in
immunised mice [437].

Astragaloside VII alone, and in an adjuvant system,
initiated a Th1/Th2 balanced immune response [438].

Bupleurum chinense Root Triterpene saponins | Saponin extract enhanced splenocyte proliferation Lack of published
DC. including oleanolic | and antibody responses to ovalbumin in vivo [430]. clinical studies to assess
) acid derivatives vaccine adjuvant effects.
(Apiaceae)
[Thorowax ]
Calliandra tweediei Leaves Triterpene saponins | CP05 induced a potent anti-fucose mannose ligand Lack of published
Benth. including oleanolic | antigen response to Leishmania donovani in vivo clinical studies to assess
acid derivatives; [439,440]. vaccine adjuvant effects.
(Fabaceae) .
include
pulcherrimasaponin
(CPO05)
Carica papaya L. Leaves Saponins that may | Saponin extract formulated with cholesterol and Lack of published
) explain potential phospholipid stimulated a cell- and antibody- clinical studies to assess
(Caricaceae) . . o o ) .
adjuvant effects mediated response in vivo in a preliminary study vaccine adjuvant effects.
[Papaya] require further [441].

characterisation




Leaf extract mediated a Th1-type shift in human
peripheral blood mononuclear cells [442].

Chenopodium quinoa Seeds Triterpene saponins | Saponin fractions enhanced humoral and cellular Lack of published
Willd. including oleanolic | immune responses in immunised mice [443]. clinical studies to assess
id derivati . . ine adj t effects.
(Amaranthaceae) aclc dertvatives Saponins potentiated IgG and IgA responses to vaccltie acjuvant eliocts
[Quinoa] antigens (cholera toxin or ovalbumin) in vivo [444].
Crocus sativus L. Corm Triterpene saponins | Saponins increased humoral and cellular immune Lack of published
Irid including oleanolic | responses to protein-based vaccines and protected clinical studies to assess
(Iridaceac) acid derivatives against tumour challenge when administered with a vaccine adjuvant effects.
[Saffron] tumour antigen in vivo [445].
Saponins significantly inhibited tumor necrosis factor
(TNF)-o/interferon (IFN)-y-induced gene expression
of chemokines [monocyte chemotactic protein 1
(MCP-1) and regulated upon activation normal T-cell
expressed and secreted (RANTES)] [446].
Glycine max (L.) Merr. | Seed Triterpene saponins | Soyasaponin Ab promoted cytokine release and Lack of published
Fab including oleanolic | activated NF-kB signalling in vitro; and enhanced clinical studies to assess
(Fabaceac) acid derivatives; anti-ovalbumin IgG, IgG1, IgG2a and IgG2b in vivo | vaccine adjuvant effects.
[Soya] include [447].

soyasaponinsAa,
Ab, Af, Ba, Bb, Bb’

Soyasaponins Ab Ba, Bb, Bb" and an Ab derivative
enhanced anti-ovalbumin IgG, IgG1, IgG2a and
IgG2b in vivo and were suggested to be viable
adjuvant candidates [448].




Glycyrrhiza glabra L. Root Triterpene saponins | Saponin extract (‘Glabilox’) combined with lipids Lack of published
including oleanolic | and glycoproteins of H7N1 influenza virus increased | clinical studies to assess
(Fabaceae) . o . .
acid derivatives . . vaccine adjuvant effects.
Li . IgA, IgG and IgM levels; high levels of cytokines
[Liguorice] were- associated with Th1 and Th2 responses [100,
449].
Gynostemma Herb Triterpene saponins | Gypenosides in a liposome formulation enhanced the | Lack of published
pentaphyllum (Thunb.) including those of | immune response against a Newcastle disease clinical studies to assess
Makino the dammarane- vaccine in vivo [450]. vaccine adjuvant effects.
type; includ
(Curcubitaceae) YPe; Incude Saponin extract enhanced splenocyte proliferation in
gypenosides } ) . .
) immunised mice; IgG, IgG1 and IgG2 antibody
[Blue ginseng] . : .
levels were increased in response to ovalbumin
[451].
Lablab purpureus Seed Triterpene saponins | Seed extract reported to have adjuvant activity [452]. | Lack of published
subsp. purpureus including oleanolic clinical studies to assess
acid derivatives; vaccine adjuvant effects.
(Fabaceae) .
include
[Hyacinth bean] lablabosides
Momordica Seed Triterpene saponins | Momordica saponins MS I and II (with gypsogenin | Lack of published

cochinchinensis (Lour.)
Spreng.

(Curcubitaceae)

[Sweet gourd]

including oleanolic
acid derivatives;
include Momordica
saponins [ and II

and quillaic acid aglycones, respectively) and
synthetic analogues are proposed as future vaccine
adjuvants; VSA-1 (MS 1 derivative) initiates a potent
IgG2a response, which is suggested to produce
Th1/Th2 antigen-specific immunity, with less toxicity
than QS-21 [453].

clinical studies to assess
vaccine adjuvant effects.




VSA-2 (semi-synthetic derivative of MS II) enhanced
immunoglobulin G2a production when formulated
with ovalbumin or a recombinant haemagglutinin B
antigen [454].

Seed extract enhanced immune responses to vaccines
for foot and mouth disease [455], Newcastle disease
[456] and bursal disease in vivo [457].

Ophiopogon japonicus | Root Steroidal saponins; | Root extract promoted phagocytosis in a zebrafish Lack of published
(Thunb.) Ker Gawl include model for assessing immunomodulatory activity clinical studies to assess
(Asparagaceae) ophiopogonin D [458]. vaccine adjuvant effects.
Ophi Ophiopogonin D formulated as a nanoemulsion
[Ophiopogon] adjuvant and a MRSA antigen improved humoral and
cellular immune responses, and induced antibody
responses and a Th1/Th17-biased CD4" T cell
immune response in a MRSA sepsis model [459].
Panax ginseng Root, Triterpene saponins | P. ginseng extract enhanced the antibody response Lack of published
C.A.Mey. leaves, including those of | against diptheric toxoids and porcine parvovirus in clinical studies to assess
(Arali ) stem the dammarane- vivo [103]. vaccine adjuvant effects.
ratlaceae type; include . . .
) : . Ginsenoside Rb; induced a balanced Th1/Th2
[Ginseng] ginsenosides Rby,

Rby, Rc, Rd, Re,
Rgi

immunity of PPV vaccines; ginsenoside Rgi
enhanced the Th2 response from naive CD4+ T cells
[103].

Leaf and stem saponins formulated in sunflower oil
promoted higher serum Newcastle disease virus




(NDV)-specific HI and neutralizing antibody
responses, IFN-y and IL-4 levels, and lymphocyte
proliferative responses to antigens including NDV,
compared to a conventional adjuvant, Marcol 52, in
vivo [460].

Leaf saponin extract enhanced IgG responses to foot
and mouth disease vaccine in vivo and was orally
active (Li et al., 2016); a root extract combined with
rapeseed oil enhanced Th1 and Th2 responses to a
foot and mouth disease vaccine in vivo [461].

Root saponins formulated in soyabean oil enhanced
the immune response (recruited neutrophils,
eosinophils, T-cells and macrophages) to foot and
mouth disease vaccine in vivo [462].

Platycodon grandifloras
(Jacq.) A.DC.

(Campanulaceace)

[Balloon flower]

Root

Triterpene saponins
including oleanolic
acid derivatives;
include platycodins
D, D2, D3 and
playtycoside E

Saponin extract promoted a balanced Th1 and Th2
response against ovalbumin in vivo [463].

Platycodin D, D2, D3 and platycoside E enhanced
induced splenocyte proliferation and

IgG, IgGl, IgG2a and IgG2b antibody titres in
immunised mice [103].

Platycodin D and D2 showed adjuvant activities on

Lack of published
clinical studies to assess
vaccine adjuvant effects.




Newcastle disease virus-based live attenuated
vaccine, and fowlpox virus expressing the avian
influenza virus H5 gene [103].

Platycodin D2 improved cellular and humoral
responses; initiated Th1 and Th2 cytokines to
hepatitis B surface antigen in vivo [464]; upregulated
mRNA expression of Th1 and Th2 cytokines in
splenocytes in vivo [465].

Polygala senega L. and | Root Triterpene saponins | P. senega saponin extracts increased antibody levels | Lack of published
P. tenuifolia Willd. including oleanolic | in immunised mice and hens; saponins PS1 and clinical studies to assess
(Polygal ) acid derivatives; onjisaponins A and B increased IgG2a and 11-2 vaccine adjuvant effects.
olygalaceac include production [103].
ORJISapOmins Onjisaponin B increased antigen-specific antibody

producing cells in immunised mice [103].

Onjisaponins (A, E, F, G) increased immune

responses to intranasal inoculation of influenza and

diptheria-pertussis-tetanus vaccines in vivo [466].

Tenuifoliasaponins A and B enhanced antibody titres

in mice immunised with a circovirus DNA vaccine

[103].
Pulsatilla chinensis Root Triterpene saponins | Root saponin extract increased levels of antibodies Lack of published

(Bunge) Regel

(Ranunculaceae)

of the oleanane-
and lupane-type

(IgG, IgG1, IgG2a) to ovalbumin and I1-2 and TNF-a

clinical studies to assess
vaccine adjuvant effects.




[Chinese pulsatilla]

in vivo but were less potent than a Q. saponaria
saponin extract [433].

Quillaja lancifolia
D.Don

(Quillajaceae)
[Palo jabon]

Bark,
branches,
leaves

Triterpene
saponins, including
those with either
quillaic acid,
gypsogenin,
phytolaccinic

acid, or 23-O-
acetyl-

phytolaccinic acid
as aglycones

Aqueous leaf extract and leaf saponin fraction (QB-
90) promoted potent and long-term antibody
responses (IgG1 and IgG2a), enhanced the avidity of
IgG antibodies, induced a robust DTH reaction and
significantly increased IFN-y production in T CD4+
and T CD8&+ cells in vivo; concluded to have
potential to promote dose-sparing, to reduce the dose
of antigen required for bovine viral diarrhoea virus,
and elicited a potent mixed Th1/Th2 immune
response [98].

QB-90 formulated as IMXQB-90 (ISCOMATRIX™-
like) induced immune-cell recruitment and changes
(including upregulation) in cytokine and chemokine
coding gene expression as an adjuvant for bovine
viral diarrhoea virus antigen [467].

IMXQB-80, a nanoadjuvant prepared from the
saponin-rich fraction QB-80 (consisting of >29
saponins including QS-21 and QS-7) enhanced Zika
virus specific immune responses in vivo, by
enhancing serum levels of anti-Zika virus IgG and
subtypes (IgG1, IgG2b, IgG2c) and neutralising
antibodies when compared to an unadjuvanted
vaccine [468].

Lack of published
clinical studies to assess
vaccine adjuvant effects
of saponins specifically
from Q. lancifolia.




Quillaja saponaria
Mollina

(Quillajaceae)
[Soap bark tree]

Bark

Triterpene
saponins, most
commonly those
based on the
aglycone quillaic
acid; include QS-
21

QS-21 and associated vaccine formulations induced
an immune response against a range of antigens in
numerous (> 60) preclinical studies [469].

QS-21 induced capase-1-dependent release of IL-18
and IL-18 in APCs when co-administered with the
TL4-agonist MPL [465].

QS-21 potently activated Th1 and CD8" T-cells
[465].

ISCOMATRIX™ elicited anti-tumour immunity in a
mouse model of prostate cancer [470].

A HER2/neu-loaded bone marrow-derived dendritic
cell vaccine, augmented with anti-PD-L1 monoclonal
antibody and QS-21, synergistically generated
immune responses against HER2 overexpressing
breast cancer and anti-tumour activity in vivo,
compared to vaccine and adjuvant treatments alone
[471].

The SARS-CoV-2 subunit vaccine (NVX-CoV2373)
and the saponin-based Matrix-M™ adjuvant induced
neutralising antibodies and blocked binding to the
human angiotensin-converting enzyme 2 (hACE2)
receptors in immunised macaques, and protected
against upper and lower infection and pulmonary

QS-21 tested in over 100
clinical trials of vaccines
against infectious

diseases and cancers [95,

469].

QS-21 combined with 3-
O-desacyl-4'-
monophosphoryl lipid A
(MPL) as the adjuvant
formulation ASO1 is
included human vaccines
against Varicella zoster
virus [Shingrix] with >
90% efficacy [474, 475].

ASO01 adjuvant system is
included in the malaria
vaccine (Mosquirix):
phase 3 trial completed in
2019 and vaccine
approved in 3 pilot
countries: Ghana,
Malawi, Kenya [465].

ASO01 included in
candidate vaccines for




disease after intranasal and intratracheal challenge
with SARS-CoV-2 [472].

HIV-1, tuberculosis [465]
and COVID-19 [476].

In a phase I randomised
placebo-controlled trial
(230 healthy adults), an
ebola virus glycoprotein
vaccine formulated with
Matrix-M™ was well-
tolerated and elicited a
robust and persistent
immune response [477].

Ziziphus jujuba Mill.
(Rhamnaceae)

[Chinese date]

Seed

Triterpene saponins
including those of
the dammarane-
type; include
protojujuboside A
and jujubosides A,
Band C

Protojujuboside A, and jujubosides A, B and C,
showed potent immunoadjuvant activity in
immunised mice [473].

Lack of published
clinical studies to assess
vaccine adjuvant effects.

* Accepted plant Latin names and vernacular names from POWO (2021) and MPNS (2021).




International agreements applicable only to the signatory countries

|

I Convention on Biological Diversity I

I Nagoya Protocol I

Regulations applicable directly to users of GR or TK
upranationt
regulations

Documents not legally binding, indicative for users of GR or TK

European Commission Guidance Document C(2020) 8759
Professional associations’ best practices guides, sectorial codes of conduct...

Infranational Natmna
regulations egul ation




	coversheet_template
	WAINWRIGHT 2022 Future directions (VOR)
	Future directions for the discovery of natural product-derived immunomodulating drugs: an IUPHAR positional review
	1 Introduction
	2 Immunomodulatory drugs from natural sources – a historical perspective
	2.1 Traditional medicines – the origin of natural product -derived drug discovery
	2.1.1 The opportunity to use ethnopharmacological data as a tool in drug discovery
	2.1.2 The risks of using ethnopharmacological data in the drug discovery process
	2.1.3 The future value of ethnopharmacology in drug discovery

	2.2 Natural product and natural product-derived NME’s - early immunosuppressive drugs (Before the Late 1970s)
	2.2.1 Natural product-derived immunosuppressants and asthma
	2.2.1.1 Theophylline and derivatives
	2.2.1.2 Adrenergic agents and derivatives
	2.2.1.3 Mixed treatments including sodium cromoglycate
	2.2.1.4 Corticosteroids

	2.2.2 Microbial-derived immunosuppressants
	2.2.2.1 Cyclosporin



	3 Sources of natural products as novel immunomodulating drugs
	3.1 The importance of natural products immunopharmacology
	3.2 Terrestrial plants as sources of Immunomodulators
	3.2.1 Vaccine adjuvants
	3.2.2 Immunomodulators for cancer treatment
	3.2.3 Other plant-derived compounds as immunomodulators
	3.2.4 Drug repurposing opportunities

	3.3 Marine organisms as sources of immunomodulators
	3.3.1 Marine-derived anti-inflammatory and immunomodulating natural products
	3.3.2 Antibody drug conjugates: the role of marine natural products

	3.4 Venoms and toxins as sources of immunomodulators
	3.4.1 Snake venom
	3.4.2 Bee venom
	3.4.3 Scorpion venom
	3.4.4 Immunomodulatory activities of other venoms


	4 Bringing natural products drug discovery into the 21st century
	4.1 New molecules versus phytomedicines
	4.2 Harnessing small molecule drug discovery technology for natural product screening
	4.2.1 High throughput phenotypic cell-based screening
	4.2.2 High content screening
	4.2.3 Label-free screening assays
	4.2.4 Non-mammalian in vivo models

	4.3 “Synergism” between compounds in complex mixtures

	5 Chemical deconvolution of immunomodulatory natural products
	5.1 Classical methods with new flavors – advantages and drawbacks
	5.1.1 Isolation of constituents by chromatographic methods, offline structure elucidation and bioassays
	5.1.2 Dereplication of complex matrices: using hyphenated techniques
	5.1.3 Adding new flavors into the classical deconvolution methods

	5.2 Metabolomic approaches – advantages and limitations

	6 Future perspectives, opportunities and challenges
	6.1 Phylogenetic approach to identifying sources of NP-derived immunomodulating drugs
	6.2 Bioinformatics approach to identifying sources of NP-derived immunomodulating drugs
	6.3 Nagoya protocol – the importance of the Convention on Biological Diversity (CBD) and benefit sharing
	6.3.1 Findings and considerations that led to the CBD and the adoption of the Nagoya Protocol ( NP)
	6.3.2 Scope of the Nagoya Protocol
	6.3.3 Obligations of states/providers/users
	6.3.4 Risks and opportunities related to ABS regulations
	6.3.5 Assessment of the NP 10 years after its adoption vs. its objectives
	6.3.6 Current and future perspectives


	7 Concluding comments
	Declaration of Competing Interest
	Appendix A Supporting information
	References


	WAINWRIGHT 2022 Future directions (Supplementary Table
	WAINWRIGHT 2022 Future directions (Supplementary material)

