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ABSTRACT Natural products and traditional herbal medicine are an
important source of alternative bioactive compounds but very few
plant-based preparations have been scientifically evaluated and validated for their potential as medical treatments. However, a promising
field in the current therapies based on plant-derived compounds is the
study of their immunomodulation properties and their capacity to activate the immune system to fight against multifactorial diseases like
cancer. In this review we discuss how network pharmacology could help
to characterize and validate natural single molecules or more complex
preparations as promising cancer therapies based on their multitarget
capacities.
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INTRODUCTION
Over the past decade, immunotherapy has become a
promising approach to treat cancer and is now being combined with standard chemotherapy and immune response
activators to improve the outcome for cancer patients [1].
However, the rate of drug candidates that are successfully
translated into clinics advance slowly due to the lack of
efficacy and the clinical safety or toxicology. Another factor
that contributes to this phenomenon is the assumption
that the main aim for new treatments is to find a quite
selective ligand or immune checkpoint that blocks a single
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target or that stimulates a single pathway [2, 3]. This philosophy of “one gene, one drug, one disease” arises from
combining genetic reductionism and molecular biology
technologies that allow us to isolate and characterize “disease-causing” genes and is justified as the safest approach
to minimize off-target effects. However, until now no
“magic bullet” has been described [2].
Although produced by the plant itself to adapt and interact with the environment, many natural compounds
have been used as drugs by humans. In the area of cancer
treatment, it has been shown that around 75% of the medications available are derived or inspired from plants [4].
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Today, one of the main advantages of natural products
relies on their multitarget activity allowing the interaction
of one compound or a complex fraction with multiple proteins and receptors [5].
Over time, herbal traditional medicine has been considered an important alternative to classical western medicine. Although some herbal preparations are very popular
in our society, very few plant-based preparations have
been scientifically evaluated and validated for their potential as medical treatments. In most countries herbal drugs
are poorly regulated and their safety remains a major concern [6]. However, a promising field in the current therapies based on plant-derived compounds is the study of
their synergistic activity when administered in combination
with synthetic anticancer medications [7].
In this review, we discuss the importance of the immune system activation by natural compounds in cancer
treatment in the context of network pharmacology. We
focus on the multitargeting concept and synergistic activity
as key tools to treat multifactorial and complex diseases
such as cancer.

THE IMMUNE SYSTEM AND CANCER
The interactions between immunity and cancer have been
the object of numerous studies in pre-clinical models to
understand how the immune system can repress tumor
development and exert its protective function. However, in
recent years, it also became clear that the immune system
can shape and promote cancer development [8].
In 1909 Paul Ehrlich formulated the initial hypothesis
that host defense may prevent neoplastic cells from developing into tumors [9]. This idea was refined by the theory
of immune surveillance against cancer proposed by Burnet
in 1970 [10], followed by the concept of “3E cancer immunoediting” introduced by Dunn and Schreiber in 2002 [11].
This last theory postulated that the immune system is able
to keep in check the development of transformed cells and
prevent neoplasia during the initial phase of elimination.
Then, due to genetic instability, cells that are more resistant to the immune attack emerge but remain under the
constant control of the immune system, during an equilibrium phase. The long-term exposure to this “editor” environment, favors new populations of tumor variants that
occasionally will escape the immune system by different
mechanisms and become clinically detectable and disseminate [11].
Since then, important experiments demonstrated that
endogenous levels of IFN-γ were sufficient to provide protection against the development of transplanted tumors in
immunocompetent animals [12]. Further, studies in
RAG-2-/- mice showed the importance of T lymphocytes in
tumor immune surveillance [13]. Nowadays, the role of the
immune system in cancer development has been largely
acknowledged and clinically exploited for cancer patient’s
treatment. Even if we are still a long way from understanding all the underlying mechanisms of antitumor immunity,
the current knowledge allows the development of strate-
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gies to boost antitumor immune responses in different
ways as we will discuss in this review.

IMMUNE SYSTEM ACTIVATION BY IMMUNOGENIC
CELL DEATH (ICD)
Deregulated cell death is a common feature of many human diseases and it is associated with hyper-proliferative
disorders, such as cancer [14]. One of the underlying
mechanisms proposed by Hanahan and colleagues is the
unresponsiveness of tumor cells to the control pathways
that regulate proliferation and cell death [15]. Cell death
can be classified according to its morphological appearance,
enzymatic criteria, functional aspects or immunological
characteristics. Several types of cell deaths have been reported but there is an increase interest in understanding
which are the cancer cells that are susceptible to death,
where, how, and which immune cells are able to “recognize” them and present their tumor-associated antigens to
ultimately activate the immune response [16].
Two major barriers usually avoid the malignant transformation of cells in the human body. First, the activation
of oncogenes often stimulates a DNA damage response
that finally culminates in apoptosis and hence elimination
of the mutated cells. Second, the immune system recognizes transformed cells, based on the tumor-specific expression of abnormal or mutated antigens and damage
associated molecular patterns (DAMPs) which can trigger
the immune response [17]. Little more than a decade ago it
was shown that chemotherapy induces a type of cell death,
called immunogenic cell death (ICD) that, at least in some
cases, activates effector mechanisms directed against dying tumor cells, required for an optimal therapeutic effect
[18].
The concept of ICD capable of converting tumors into
an in situ vaccine was proposed as an efficient way to induce the activation of endogenous immune responses. This
type of cell death is characterized by the induction of different DAMPs mediated by endoplasmic reticulum (ER)
stress and autophagy, which stimulates cross presentation
of tumor cell-derived antigens by dendritic cells (DCs) [19].
ICD is in fact a multifactorial process that involves changes
in the composition of the cell membrane and the secretion
of soluble factors in a well-defined timeline.
First, the translocation of calreticulin (CRT) from the
perinuclear ER to the cancer cell membrane concomitantly
with the re-localization of ERp57 will work as an “eat me”
signal to induce phagocytosis by DCs, along with the induction of antigen presentation to activate antigen-specific T
cells [20]. During the blebbing phase of cell death, autophagy-dependent ATP secretion will enter the equation to
play the role of the “find me” signal. During the autophagy
process the complex autophagolysosome will fuse with the
plasma membrane allowing the release of the “find me”
signal [21]. ATP will act as chemoattractant and activate
the purinergic receptor P2X7 on DCs triggering NALP3-ASC
(nacht domain-, leucine-rich repeat-, and pyrin domain
containing protein 3; speck-like protein) inflammasome
activation and the production of IL-1β [22]. This pathway
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will provide cytokines that are necessary in the context of
antigen presentation [23]. Moreover, during the late stages
of apoptosis, High-mobility group box 1 protein (HMGB1)
can be released from the nucleus to the cytoplasm and
finally to the extracellular environment to bind to the Toll
Like Receptor 4 (TLR4) expressed on DCs to induce their
activation. This binding will trigger MyD88 signaling to enhance antigen processing and antigen presentation by inhibiting the fusion of the phagosomes and lysosomes facilitating the cargo of antigens for presentation [24, 25]. The
expression of ecto-HSP70 and -HSP90 on the tumor cell
membrane also contributes to the tumor clearance
through the induction of a tumor-specific CD8 T cell response [26].
Classical ICD inducers
The traditional view of anticancer therapy as an immunosuppressive or tolerogenic regimen has been challenged by
several lines of evidence indicating that some cytotoxic
drugs trigger an effective immune response by inducing
apoptotic tumor cell death [27]. Today, it is well known
that in response to many chemotherapeutic and cell damaging agents like etoposide, mitomycin C, thapsigargin or
cisplatin, tumor cells die in a non-immunogenic fashion.
However, cancer cells treated with anthracyclines such as
doxorubicin, mitoxantrone, oxaliplatin or ionizing irradiation can induce a strong antitumor immune response.
Kroemer and collaborators showed in a series of experiments that anthracycline-treated cells injected subcutaneously in immunocompetent mice, in the absence of any
adjuvant, are able to induce immune system activation,
acting as an “in situ vaccine” [26, 27, 28].

To date, several screening studies have been carried
out to discover bona fide ICD inducers and revealed the
inherent capacity of a wide variety of drugs to induce cell
death-associated exposure of danger signals and to drive in
vivo anticancer immune responses [28]. Two kinds of ICD
inducers have been described, type I and type II. Anthracyclines and analogues are classified as ICD inducers type I,
while the photodynamic therapy (PDT) or the oncolytic
viruses are type II, as summarized in Table 1. PDT uses nontoxic photosensitizers and visible light at a specific wavelength in combination with oxygen to produce reactive
oxygen species (ROS) that kill malignant cells. As a type II
ICD inducer, it differs from type I in the CRT exposure
pathway. After PDT, ATP release depends on ER stress and
CRT exposure depends on ROS formation, but not on eIF2α
(the eukaryotic initiation factor 2 α) phosphorylation,
caspase-8 activation or ERp57 translocation which are the
key features of type I ICD inducers [23].
Moreover, recent evidence places ER stress at the core
of all the scenarios where ICD occurs, irrespective of the
types. ER stress and unfolded protein response (UPR) are
required for the CRT exposure on the cell surface during
ICD and consist in the simultaneous activation of three
pathways: i) the PERK (eukaryotic translation initiation
factor 2 alpha kinase 3)-mediated phosphorylation of eIF2α,
that induces the expression of ATF4 (activating transcription factor 4), ii) the translocation of ATF6 (activating transcription factor 6) from the ER to the Golgi and then to the
nucleus, and iii) the IRE1α (endoplasmic reticulin to nucleus signaling 1)-mediated splicing of XBP1 (X-box binding
protein 1). These three transcription factors activate a
gene expression profile to facilitate apoptosis [29]. Thus,

Table 1. Classical ICD inducers.

Typ I

Type II

Inducer

Cell line

Signals

Action

Bleomycin

MCA205, B16F10,
CT26

ROS, DAMPs, ATP, ER
Stress

ICD-induced IFNγ-dependent CD8 T cell
response [106]

Cyclophosphamide

BBL-5, B16

CRT, HMGB1

Anthracyclines

CRT, HMGB1, ATP,
HSP

Oxaliplatin

CT26, B16F10, gp100
Mell, DU145, OV90,
AML cells
CT26, RKO, HCT116

Immunogenic apoptosis, increased
phagocytosis [107]
ICD with autophagy, increase phagocytosis, DC activation, antitumor specific
response [20, 26, 27]
ICD induced, positive correlation with
efficacy in colon cancer patients [108]

Ionizing radiation

CT26, MCA205

CRT, HSP70

Cardiac glycosides

U2OS

CRT, ATP, HMB1,
HSP90

Oncolytic Virus

GL261 glioma cells

Photodynamic
Therapy (PDT)

LLC, EMT6, C127, U87

ER Stress, HMGB1,
ATP, CRT
ROS, Autophagy,
HMGB1, HSPs, CRT
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Partially dependent antitumor T cell
response [109, 110]
ICD induction, increase survival in
breast, colorectal, head and neck and
hepatocellular carcinomas [111]
NK cell activation, macrophage and
granulocyte infiltration [112]
DC activation, adaptive immunitydependent antitumor response [23]
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ER stress and the UPR have emerged as important targets
in different human cancers, for example in multiple myeloma. In this hematological malignancy of mature antibody
secreting plasma cells, the constant and elevated production of immunoglobulins leaves these cells heavily reliant
on the activation of the UPR [30]. For this reason, drugs
that disrupt ER homeostasis and engage ER stressassociated cell death, such as proteasome inhibitors as well
as novel ER stressors, are intended to be promising therapeutic agents in this setting [30].
During tumor development, cancer cells have to cope
with harsh conditions that trigger ER stress. Thus, UPR activation constitutes an important hallmark of several human
cancers since it endows cancer cells with the ability to acquire essential characteristics required for tumor progression [31]. In transformed cells the need for protein and
lipid production is increased for rapid proliferation for the
adaptation to a particular oxygen and nutrient deprived
environment. To overcome such challenges cancer cells,
exploit intrinsic mechanisms such as UPR for survival. UPR
signaling supports tumor development in several ways: i)
by promoting cell cycle progression and cell proliferation
pathways, ii) by promoting the expression of proangiogenic factors in response to hypoxia, iii) by inducing
the recruitment of several types of cells into the tumor
microenvironment to evade the immune response and iiii)
by favoring the epithelial to mesenchymal transition by
overcoming the stress of cell detachment [32].
Natural products as non-classical ICD inducers
Two categories of natural products can be distinguished
and considered as immune system activators: single compounds derived from natural sources or natural complex
fractions composed of a large number of molecules. A nonexhaustive overview of these products is presented in Table 2.
Single molecules
Shikonin (SK), a secondary plant metabolite isolated from
Lithospermum erythrorhizon, has been described as having

several biological activities that include the inhibition of
the promoters of pro-inflammatory cytokines such as TNFα [33] and GM-CSF [34] and the splicing of TNF-α premRNA [35]. Moreover, for SK and its derivatives antitumoral properties through ICD induction have been described [36]. In fact, SK has been shown to induce the expression of different DAMPs including CRT, HMGB1,
GRPp78, HSP70 and HSP90 in several tumor cell lines.
Moreover, tumor cells treated with SK and lipopolysaccharide (LPS) activate DCs and induce the differentiation of
tumor-specific Th1 and Th17 CD4 T cells [36]. Further studies showed that the heterogeneous nuclear ribonucleoprotein A1 (hnRNPA1) is also a specific protein target of SK and
that its suppression is necessary for the expression of the
signals that play a major role in ICD induction. All together
these reports demonstrate the multi-target capacity of SK
[37]. A second example of an isolated compound is Hypericin, an anthraquinone derivative which in combination
with Hyperforin is one of the principal components of the
Hypericum flower plant, commonly named Saint John’s
wort. Recently, the use of DC vaccines in combination with
hypericin-based PDT (Hyp-PDT) was shown to induce ICD
and was tested to treat Hight Grade Gliomas (HGG) in an
animal model. It could be shown that the DC vaccine:HypPDT combination improved survival of tumor-bearing animals, and that the effect was dependent on cell-associated
ROS production and the release of DAMPs [38], including
extra-cellular HMGB1 and cell surface CRT [39]. These findings suggest that Hyp-PDT–based anticancer vaccines are
worth additional assessments for clinical use in the future.
Complex fractions
Complex fractions can have immunomodulatory capacities
and antitumor activity as indicated recently by Turrini et al.,
who showed that a decoction from plant roots of Hemidesmus indicus is able to induce ER stress along with the
hallmarks of ICD to stimulate DC maturation and the upregulation of CD83 as a costimulatory signal [40]. Moreover, P2Et, a gallotannin-rich fraction extracted from the red
fruits of Caesalpinia spinosa, was initially reported for its

TABLE 2. Natural products reported as ICD inducers.

Single molecules

Complex
formulations

Inducer

Cell lines

Signals

Action

Hypericin (Hyperian
perfotum) combined
with PDT
Shikonin (Lithospermum erythrorhizon)
Wogonine (Scutellaria
baicalensis)

T24, CT26,
GL261

ER Stress

ICD induced, tumor growth inhibition [39]

B16

DAPMs, tumor antigens

MFC

CRT, ATP, HMGB1, ROS, ER
stress

P2Et (Caesalpinia spinosa)

B16F10,
4T1

Hemidesmus indicus
decoction

DLD

CRT, ATP, HMGB1, autophagy, ROS, caspase 8, mitochondrial membrane depolarization
ER stress, ATP, HMGB1,
CD83

ICD induced, DC activation,
Th1/Th17 specific response [37]
ICD induction, increase lymphocyte counts, tumor growth inhibition [113]
ICD induction, multifunctional T
cell response and chemotherapy
adjuvant (4T1). Specific T CD8
response (B16). [42, 43, 102]
DC maturation after ICD induction [40]
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cytotoxic properties on several cancer cell lines [41]. P2Et
has been previously characterized as a complex polyphenol-rich fraction with antitumoral activity and was shown
to contain a large amount of gallic acid after acid hydrolysis,
mainly due to the presence of gallic acid derivatives like
galloyl quinic acids. Chromatographic fingerprint using
HPLC/PDA revealed that most compounds in the fraction
absorb at a wavelength of 254 nm, which is characteristic
for some polyphenolic compounds and gallotannins [42].
More recently, complementary studies have shown that
P2Et induces immunogenic apoptosis through the expression of extracellular CRT, HMGB1, ATP and autophagy in
preclinical models of breast carcinoma [42] and metastatic
melanoma [43]. Furthermore, P2Et not only induces the
expression of the cellular markers of ICD but also activates
an immune-dependent antitumor activity. As for SK, P2Et
treated cancer cells act as a therapeutic vaccine that delays
tumor growth in the B16-F10 melanoma model, through
the induction of functional antigen-specific CD8 T cells [43].
In addition, it was also recently shown that the ICD induced
by P2Et is due to ER stress and PERK-dependent calcium
release [44].

NATURAL PRODUCTS AS ICD-INDEPENDENT ACTIVATORS OF THE IMMUNE SYSTEM
Plant- or animal-derived natural products have different
biological properties that can induce or sustain immune
responses while also targeting tumor cells through ICDindependent mechanisms. For example, natural single
molecule derivates such as phyllanthusmin C, curcumin,
chitosan and methyl gallate derivatives possess immunoregulatory properties influencing the innate and/or adaptive antitumor immunity. The Ellagic acid peracetate derivate from methyl gallate found in wine (among other
sources), is able to significantly reduce tumor growth in the
B16-F10 melanoma mouse model by increasing the number of immune cells, while inducing tumor cell death via
the decrease of the anti-apoptotic BCL-2 protein [45]. Further, chitosan present in high quantities in shrimp shells
has been reported as a non-toxic natural compound with
cytotoxic capacity against the sarcoma 180 (S180) tumor
cell line and as an innate immune system activator [46].
The treatment with chitosan in leukemia and B16-F10
models showed direct activity on DCs by inducing IL-12 and
IL-15 secretion followed by STAT4 and NFkB activation in
natural killer (NK) cells to increase their survival, cytotoxicity and IFN-γ production [46]. Conversely, Phyllanthusmin C
isolated from Phyllanthus reticulatus acts directly on NK
cells by promoting NFκB signaling enhancement and finally
inducing IFN-γ secretion regardless of the DC activation or
the presence of IL-12 or IL-15 in the media [47].
The activation of the adaptive immune system can be
induced by both single compounds, as curcumin, and natural complex fractions, as herbal medicine juzen-taiho-to
(JTT). On one side, Curcumin derived from Curcuma longa
has been reported as having antitumor activity through the
induction of apoptosis in tumor cells [48] but also, and very
importantly, by attenuating the immunosuppressive tumor
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microenvironment in vivo. In 2012 Chang et al. demonstrated that the in vivo treatment with curcumin in combination with T cell transfer increases tumor infiltration and
restores the antitumor activity of transferred CD8 T cells by
inhibiting IDO and TGFβ production by tumor cells [49]. On
the other side, a complex mixture composed of ten different herbs called JTT, which is widely used in clinics in Japan,
has been shown to activate the adaptive immune response
in vivo in tumor models. Using the RET-transgenic melanoma mouse model, in 2001 Dai et al. showed that oral
administration of JTT significantly delayed tumor growth
and improved survival. They proposed a model where JTT
does not act directly on the tumor cells but rather through
T cell cytotoxicity [50].

EFFICACY LOSS BY REDUCING THE COMPONENTS OF
COMPLEX FRACTIONS
Guided fractionation is commonly used to study complex
botanical preparations and determine their biologically
active compounds. Petiveria alliacea Linn (P. alliacea) is
commonly used in traditional medicine in Central and
South America and the Caribbean cost. Infusions made
with the leaves and stems of this plant have been used to
treat leukemia and breast cancer by the native communities [51]. However, the mechanism of action in cancer has
been only partially described. The work of Hernandez et al.
showed that the plant extract obtained from the leaves of
P. alliacea induces breast cancer cell death through the
modulation of their glycolytic metabolism 52, 53]. This
extract was characterized by HPLC and the principal components were identified. Several subfractions from the
original one (guided fractionation) were evaluated for their
antitumor activity and the IC50 revealed lower biological
activity compared to the original fraction. These findings
support the importance of the complex interaction among
components (Susana Fiorentino, personal communication).
Another significant indication of this phenomenon is illustrated by the work by Junio et al. were they evaluated
the properties and the components of a botanical medicine
made from Hydrastis canadensis (Goldenseal) [54]. This
preparation is ranked among the 20 most commonly used
herbal preparations worldwide and is recommended to
treat viral and bacterial infections and diarrhea. Goldenseal
extracts from leaves and roots are rich in alkaloids like berberine that is reported to have antimicrobial activity. However, previous work by the same group showed that berberine alone has only little biological activity and that in
the mixture, other compounds might play a role [55]. Further investigations showed that the extract was also rich in
flavonoids which could block multidrug resistance efflux
pumps and thereby increase efficacy in the absence of
antibacterial properties. Their work described the directed
fractionation of the original preparation to characterize the
components, demonstrating that single compounds do not
fully account for the biological activity of the main preparations 55].
As illustrated in this section, natural products represent
a versatile “chemical toolbox” of potent medicines with
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verified health promoting active principles (Table 2 and
Table 3). However, a consistent issue in research on natural products is the lack of clarity surrounding their mechanism(s) of actions and/or their exact composition [56].
Since each natural product is capable of binding to multiple
proteins with unrelated structures, each small molecule
may have multiple targets. In that respect, an interesting
question remains: can we profit from this multi-target
property or should we avoid it?

MULTI-TARGET PHYTOTHERAPY IN CANCER: PROS AND
CONS
As mentioned above, one of the main characteristics of
botanical extracts relies on their complexity, rendering the
identification of all molecular targets within the extracts
difficult to be determined. But how do these complex
preparations work? It might be speculated that they are
able to modify different proteins to a certain extent within
the same network, but it is also possible that weak effects
induced by the whole are sufficient to have a pharmacological effect without having identified a major compound.
Almost 20 years ago few pioneering groups reported the
possible benefit of the multitarget profile of biological active small molecules [57, 58]. Since then, the field of
polypharmacology and multi-target drug discovery have
been growing, and have proposed new concepts to overcome the major limitations of classical “one target, one
drug” strategies [59]. Instead of single target agents, the
identification of molecules or combinations that have multiple interconnected targets or act on similar networks
might be beneficial.
Herbal formulations are mainly composed of multiple
biologically active molecules and several studies have
proven their benefits in different types of diseases. However, they are not fully accepted as standard treatments
mainly due to their complex nature and the lack of stringent quality control in their preparation [60].
The primary aim of traditional phytotherapy is to use
plant extracts to create complex combinations, where even
the “single” extracts are mixtures of different molecules.

As a result, in China, formulations of complex botanical
products have been evolving overtime, with more than
100,000 currently being documented. Instead, western
pharmacologists are mostly confused by their complexity,
although several combination therapies are commonly
used for the treatment of pain [61], AIDS [62, 63] or cancer
to prevent chemoresistance [64], highlighting the advantages of multi-target approaches.
One of the best examples to better illustrate the potential multi-target activity of natural products comes from
the analysis of the multiple bioactivities of green tea preparations. To date, a significant number of studies has
demonstrated that green tea has health beneficial effects
which include reduction of serum cholesterol, prevention
of low-density lipoprotein oxidation and decreased risk of
cardiovascular disorders and cancer [65]. Many of these
effects are most likely mediated by polyphenols contained
in green tea, such as flavonoids and flavonols. One of the
most studied flavonols is the epigallocatechin-3-gallate
(EGCG) that has been reported for its anticancer activity
and the potential to interfere with multiple signaling pathways in cancer cells [66]: i) by binding to the BH3 pocket of
Bcl-2 family proteins to inhibit their antiapoptotic function
[67]; ii) by inhibiting the NFκB activity and MAPK pathway
in human colon cancer cells [66]; iii) by the specific inhibition of the chymotrypsin-like activity in the proteasome in
vitro and in vivo [68]; iv) by the inhibition of the matrix
metalloproteinases (MMP) 2 and 9 in the prostate of
TRAMP mice [69].
As for the P2Et example, this fraction includes in its
composition gallotannins-like ethyl gallate and gallic acid in
high proportion. The comparison of the effect of the full
fraction to the isolated compounds showed that the single
molecules have very different effects on autophagy, being
individually less effective in inducing the DAMPs required
for ICD in the cancer therapy context. To obtain results
comparable to the whole extract, almost 20 times more of
the single molecules is required, which in turn might result
in increased toxicity (Alfonso Barreto, personal communication). Hence, attempts to reproduce the effects of com-

TABLE 3. Other immune system activating natural products.

Single molecules

Inducer

Model

Signals

Action

Phyllanthusmin C

Human primary NK
cells
E.G7

IFNγ

NK activation [47]

Reduction of IDO
and TGFβ
IL-12, IL-15, IFNγ

Increase of CD8 T cell antitumor effector functions [49]
DC and NK activation [46]

Reduction of BCL2
proteins

Apoptosis induction and increased
immune cell numbers [45]
T cell activation and enhanced cytotoxic activity [50]
Spleen cell proliferation, B cell response, Alloantigen specific CTL response, Macrophage activation [114]

Curcumin
Chitosan

Complex
formulations

Methyl Gallate
derivates
Juzen-taiho-to
Astragalus membranaceus
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plex formulations by single molecules may prove unsuccessful.
However, as in the case of drug combinations, molecular interactions in complex plant formulations might be
antagonistic or dangerous since botanical preparations can
contain toxic or even lethal compounds. Some compounds
such as Pyrrolizidine alkaloids, secondary metabolites,
need to be removed due to their hepatotoxicity [70] or
aristolochic acid is known to promote kidney nephropathy
[71]. Moreover, the increased use of herbs for selfmedication is resulting in opposite outcomes depending on
the context [72], as recently reported for the P2Et fraction.
As mentioned above, this fraction was initially described to
induce ICD and immune system activation in preclinical
tumor mouse models [42, 43] but additional studies
showed pro-tumoral effects if used in a prophylactic context [73]. These examples reinforce the need to be proactive to develop appropriate measures to test the safety,
the quality and the mechanisms of action of public accessible natural products.

NETWORK PHARMACOLOGY: MULTI-TARGETING AND
MULTI-DISEASE CONCEPT
To fight complex diseases such as cancer, cardiovascular
diseases, AIDS or neurodegenerative disorders, the approach of single target drugs has shown discouraging results [74]. In contrast, multiple target drugs or combinations are more efficient and, in many cases, shows less
toxicity [75]. The concept of signaling network analysis, or
network pharmacology (NP), proposed initially by Hopkins
in 2008, appears as a suitable tool to assess complex interactions and find new targets for “rational drug discovery”,
by evaluating drug mechanisms of action through a biological network and its comparison with the target model [76].
Today, drug discovery could benefit from network-based
approaches to overcome problems such as the lack of efficacy, the potential resistance to compounds with a single
target and toxic interactions among different components
[76, 77]. This new concept intends to improve the prediction of drug targets in public databases and promote the
use of network models using high-throughput screening
and bioinformatics.
NP analysis of traditional medicines is becoming a popular approach to identify treatments of complex and multifactorial diseases, as reported in several studies that applied NP to assess natural complex fractions composed of
different ingredients, unknown targets and different
pharmacological mechanisms [78-80].
While drug actions have been originally considered as a
“lock and key system [81], a growing evidence is revealing
a more complex picture. Yildirim et al. in 2007 described
that there are many keys for one lock and that this phenomenon is quite common as proteins rarely function as
isolated entities, whereas they rather act as part of a highly
interconnected cellular network [82]. Re-thinking drug
action in the context of network biology may provide insights into how we can improve drug discovery for complex
diseases. Further, NP analysis predicts that modulating
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multiple proteins might be required to fight against complex and strong phenotypes in a more effective way that
only deleting individual nodes, having only little effect on
the whole disease network [2]. For example, the combinatorial therapies used against hepatitis C virus (HCV) were
conceived on the hypothesis that targeting two different
nodes of HCV replication may exhibit superior antiviral
activity and reduce resistance compared to single drugs
[81]; the recent increase of multi-target drugs to treat
schizophrenia and major depressive disorders aims at targeting the complexity and multifactorial nature of such
disorders [81, 83].
In the case of Traditional Chinese Medicines (TCM) the
molecular mechanisms of action for many formulations
remain unclear. To solve this problem a TCMAnalyzer was
recently developed. This tool designed by Liu et al. can be
used to identify the potential compounds responsible for
the biological activity, to investigate the molecular mechanisms at a systematic level and to explore the potential
targeted bioactive herbs [84].
The molecular network analysis of the TCM is not restricted to the identification of the mechanism of action; it
has also been important to explain and study the compatibility or possible toxic interactions among the different
compounds of complex preparations [77, 85]. In 2010 Li et
al. proposed a method named the Distance-based Mutual
Information Model (DMIM) to identify useful relationships
among the herbal components of several complex formulas. DMIM combines mutual information entropy and “distances” between the different herbs to construct an herb
network that allows to illustrate the traditional herbal pairing and compatibility [86]. Equally important, the concept
of network toxicology uses the principles of NP for the understanding of the “toxic-gene-target-drug” interaction
network to predict and estimate the toxicity and side effects of drugs or complex formulations [85]. Technologies
that feature high-throughput screening, toxic compounds
exclusion and drug-target network might be very important for active ingredient screening and toxicity assessment [85]. In the work of Fan et al., NP was used to
reconstruct the network of “compound-protein/genetoxicity” to identify the toxic molecules and predict the
side effects of the known compounds. This helps to improve the safety of natural complex preparations and to
understand toxic mechanisms. Currently several databases
for the study of network toxicology include CTD [87], TOXNET [88] and the National Toxicology Program [85], among
others.
Network pharmacology in cancer
Cancer is a multifactorial disease [89]. For this reason, the
seek for multi-target drugs represents a promising approach to understand how signaling networks are altered
in transformed cells and to identify pertinent targets during drug discovery [90]. For example, the NP approach was
instrumental to identify altered autophagy-associated
genes and to reveal which alterations in this pathway correlated with patient survival. Overall, this strategy might
contribute to identifying the specific signaling pathways
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that drive pro- or antitumor signals [76]. For that purpose,
Wong et al. used a computer-aided drug design (CADD)
method applied simultaneously to multiple drug targets
and systems biology [91]. They evaluated the core network
markers of four cancer types (colon, liver, lung and bladder) by systems biology followed by computational analysis
and identified 28 cancer housekeeping proteins. Using this
information, wet-bench researchers combined the top
ligands for each of the 28 core proteins and found that
they could decrease the IC50 with concomitant increase in
cell death using a multidrug approach with different targets [91]. Further, in the ICD context where ER stress induction with PERK activation are indispensable steps to
initiate the immunogenic apoptotic axis [92] NP would
allow to dissect the biological networks targeted by different therapeutic options (e.g. single molecules, complex
formulations or combinatorial therapies). This would enable us to predict specific candidates capable of triggering
ROS production, Ca2+ alterations or defaults in glucose consumption and contribute to propose bona fide ICD inducers
with the characteristics mentioned in Table 1.
Another attractive possibility would imply the use of
the network analysis to identify and prioritize several hubs
associated with the response to immunotherapy, such as
immune checkpoint blockade. In the previously cited work
of Lesterhuis et al., they identified context dependent gene
expressions that were only visible after NP analysis. They
also applied a drug repurposing approach to the responseassociated network data and identified pleiotropic drugs
that improved the response rate to anti-CTLA4 and that
had never been associated with antitumor properties and
could have never been predicted to work [93].
The complex tumor microenvironment and the immunomodulation that characterize it are often difficult to
be addressed at the same time with a single therapeutic
agent and several approaches remain unsuccessful or insufficient. For instance, autophagy’s role and regulation
during cancer development has been the topic of long debates due to the opposite effects reported in the literature.
In line with this, the use of metformin to induce autophagy
as effective cancer treatment has encountered difficulties
during clinical trials [94]. Further, ER stress and UPR are
involved in several types of cancer and they are frequently
correlated with advanced stage and chemoresistance. UPR
is important for changes in gene expression that can contribute either to prevention or survival during tumor development and can be modulated by chemotherapy but
the clinical implications are only beginning to be understood [95]. Lastly, tumor infiltrating T cell impairment and
hijacking of immune system effectors remain one of the
most complex problems for immunotherapeutic approaches [96] despite the FDA approval of several immune checkpoint inhibitors [97].
In a similar way, natural products and NP approaches
are being used to discover new agents or indicate new
combinations to improve current therapies [98, 99]. Multitarget natural dietary supplements containing some ingredients such as Ginseng extracts, Grape seed extracts, and
curcumin have been shown to promote recovery from seOPEN ACCESS | www.cell-stress.com
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vere illnesses, and relieve standard therapy-induced side
effects [100]. Interestingly, clinical trials have also proven
that some natural products can reduce chemotherapy and
radiotherapy-induced toxicity [101]. Common gastrointestinal toxicity side effects of chemotherapy can be reduced
by natural products. Red Ginseng decreases nausea, vomiting, dyspnea and fatigue after taxan and platinum-based
chemotherapy [101].
Natural fractions not only help to counteract drug side
effects. Their activity can also exert synergistic effects with
conventional treatments and antitumor activity by overcoming drug resistance. In 2016 Sandoval et al., showed
that the P2Et fraction exerts synergistic activity with doxorubicin in vitro in several cancer lines and in vivo in a
mouse model transplanted with a doxorubicin-resistant
breast cancer cell line (TSA). Interestingly, P2Et extract
revealed a synergistic effect with doxorubicin in resistant
cell lines, and its effect does not seem to be mediated by
ROS increase [102].
Another example is the combination of PHY906, a Chinese traditional complex formulation consisting of four
different herbs, with Irinotecan (CPT-11) as treatment for
metastatic colon or rectal carcinoma [103]. In 2010, Lam et
al. used the MC38 mouse model to show that PHY906 increased the antitumor activity of CPT-11, while decreasing
poor prognostic factors as weight loss and promoting intestinal recovery from the chemotherapy damage. PHY906
was promoting the expression of intestinal progenitor or
stem cell markers through the Wnt/β-catenin pathway and
at the same time inhibiting inflammation [60]. These results suggest that the development of complex, multicomponent herbal medicines that are able to target multiple sites and activating different signaling pathways could
be useful for future drug development and as an add-on
for improving current standard treatments.

CONCLUSIONS
Historically, natural products have been the source of a
great variety of medicinal preparations and today they
continue to provide prototypes for pharmacologically active compounds, particularly as anticancer and antimicrobial agents. According to the World Health Organization
(WHO), 80% of people still rely on traditional plant-based
medicines for primary health care and the plant-derived
drugs remain related to their original ethno pharmacological usage. In addition, in this review we intended to stress
the capacity of natural products to influence the immune
system by either affecting the functions of immune cells or
by directly acting on malignant transformed cells to turn
them into intrinsic immune cell activators, showing the
potential of natural products as immunomodulators. The
results discussed here put in evidence the importance of
dissecting the molecular mechanisms of the immunomodulatory effects of the natural compounds since this could
lead to the discovery of novel and promising candidates
that can be used in future immunotherapeutic strategies.
However, the complex composition and the multitarget
capacities of natural products remains one of the main
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concerns for the western medicine due to safety and quality control reasons. Nevertheless, NP approaches as the
ones mentioned here could help to put in place standardization protocols of proved bioactive compounds or formulations to elucidate the molecular mechanisms of action
and therefore facilitate their inclusion in clinical trials and
their commercialization.
In order to promote and improve the quality of herbal
medicines and to reduce the proportion of adverse events
attributable to their poor quality, the WHO has also committed to the development of a series of technical guidelines related to quality assurance and control of herbal
medicines [104]. Finally, the European framework has provided a powerful regulation model for the harmonization
of scientific assessment and facilitation of product marketing [105].

ACKNOWLEDGMENTS
This work was supported by founding from the Swiss Cancer League to Camilla Jandus (KFS-4402-02-2018) and from
“Sistema General de Regalías” (BPIN: 2013000100196;
contract number 1027-1-2015), “Programa Colombia

Científica-Ministerio de Ciencia y Tecnología- Pontificia
Universidad Javeriana. Convocatoria Ecosistema Científico”
(Contract No. FP44842-221-2018), and Pontificia Universidad Javeriana to Susana Fiorentino.

CONFLICT OF INTEREST
None of the authors declares any conflict of interest.
COPYRIGHT
© 2020 Gomez-Cadena et al. This is an open-access article
released under the terms of the Creative Commons Attribution (CC BY) license, which allows the unrestricted use,
distribution, and reproduction in any medium, provided
the original author and source are acknowledged.

Please cite this article as: Alejandra Gomez-Cadena, Alfonso Barreto, Susana Fioretino and Camilla Jandus (2020). Immune system
activation by natural products and complex fractions: a network
pharmacology approach in cancer treatment. Cell Stress 4(7): 154166. doi: 10.15698/cst2020.07.224

REFERENCES
1. Wang YJ, Fletcher R, Yu J, Zhang L (2018). Immunogenic effects of
chemotherapy-induced tumor cell death. Genes Dis 5(3): 194-203.
doi: 10.1016/j.gendis.2018.05.003

11. Dunn GP, Bruce AT, Ikeda H, Old LJ, Schreiber RD (2002). Cancer
immunoediting: from immunosurveillance to tumor escape. Nat
Immunol 3(11): 991-998. doi: 10.1038/ni1102-991

2. Hopkins AL (2008). Network pharmacology: the next paradigm in
drug discovery. Nat Chem Biol 4(11): 682-690. doi:
10.1038/nchembio.118

12. Kaplan DH, Shankaran V, Dighe AS,
Schreiber RD (1998). Demonstration
dependent tumor surveillance system
Proc Natl Acad Sci U S A
10.1073/pnas.95.13.7556

3. Gertsch J (2011). Botanical drugs, synergy, and network
pharmacology: forth and back to intelligent mixtures. Planta Med
77(11): 1086-1098. doi: 10.1055/s-0030-1270904
4. Cragg GM, Newman DJ (2013). Natural products: a continuing
source of novel drug leads. Biochim Biophys Acta 1830(6): 3670-3695.
doi: 10.1016/j.bbagen.2013.02.008
5. Danciu Corina SC, Antal Diana,Alexandra Popescu, Roxana
Ghiulai,Ioana Zinuca Pavel, Stefana Avram,Minda Daliana and Cristina
Dehelean (2017). An Update On Natural Compounds and Their
Modern Formulations for the Management of Malignant Melanoma.
In: Badria FA, editor Natural Products and Cancer Drug Discovery.
IntechOpen; pp 42. doi: 10.5772/67647
6. Bhatt A (2016). Phytopharmaceuticals: A new drug class regulated
in India. Perspect Clin Res 7(2): 59-61. doi: 10.4103/22293485.179435
7. Chinembiri TN, du Plessis LH, Gerber M, Hamman JH, du Plessis J
(2014). Review of natural compounds for potential skin cancer
treatment.
Molecules
19(8):
11679-11721.
doi:
10.3390/molecules190811679
8. Candeias SM, Gaipl US (2016). The Immune System in Cancer
Prevention, Development and Therapy. Anticancer Agents Med Chem
16(1): 101-107. doi: 10.2174/1871520615666150824153523
9. Ribatti D (2017). The concept of immune surveillance against
tumors. The first theories. Oncotarget 8(4): 7175-7180. doi:
10.18632/oncotarget.12739
10. Burnet FM (1970). The concept of immunological surveillance.
Prog Exp Tumor Res 13: 1-27. doi: 10.1159/000386035

OPEN ACCESS | www.cell-stress.com

162

Stockert E, Aguet M, Old LJ,
of an interferon gammain immunocompetent mice.
95(13): 7556-7561. doi:

13. Shankaran V, Ikeda H, Bruce AT, White JM, Swanson PE, Old LJ,
Schreiber RD (2001). IFNgamma and lymphocytes prevent primary
tumour development and shape tumour immunogenicity. Nature
410(6832): 1107-1111. doi: 10.1038/35074122
14. Galluzzi L, Aaronson SA, Abrams J, Alnemri ES, Andrews DW,
Baehrecke EH, Bazan NG, Blagosklonny MV, Blomgren K, Borner C,
Bredesen DE, Brenner C, Castedo M, Cidlowski JA, Ciechanover A,
Cohen GM, De Laurenzi V, De Maria R, Deshmukh M, Dynlacht BD, ElDeiry WS, Flavell RA, Fulda S, Garrido C, Golstein P, Gougeon ML,
Green DR, Gronemeyer H, Hajnoczky G, Hardwick JM, et al. (2009).
Guidelines for the use and interpretation of assays for monitoring cell
death in higher eukaryotes. Cell Death Differ 16(8): 1093-1107. doi:
10.1038/cdd.2009.44
15. Ruggero D (2009). The role of Myc-induced protein synthesis in
cancer. Cancer Res 69(23): 8839-8843. doi: 10.1158/0008-5472.CAN09-1970
16. Green DR, Ferguson T, Zitvogel L, Kroemer G (2009). Immunogenic
and tolerogenic cell death. Nat Rev Immunol 9(5): 353-363. doi:
10.1038/nri2545
17. Zitvogel L, Kepp O, Kroemer G (2011). Immune parameters
affecting the efficacy of chemotherapeutic regimens. Nat Rev Clin
Oncol 8(3): 151-160. doi: 10.1038/nrclinonc.2010.223
18. Tesniere A, Apetoh L, Ghiringhelli F, Joza N, Panaretakis T, Kepp O,
Schlemmer F, Zitvogel L, Kroemer G (2008). Immunogenic cancer cell
death: a key-lock paradigm. Curr Opin Immunol 20(5): 504-511. doi:
10.1016/j.coi.2008.05.007

Cell Stress | JULY 2020 | Vol. 4 No. 7

A. Gomez-Cadena et al. (2020)

Immune system activation by natural products

19. Kroemer G, Galluzzi L, Kepp O, Zitvogel L (2013). Immunogenic cell
death in cancer therapy. Annu Rev Immunol 31: 51-72. doi:
10.1146/annurev-immunol-032712-100008

31. Corazzari M, Gagliardi M, Fimia GM, Piacentini M (2017).
Endoplasmic Reticulum Stress, Unfolded Protein Response, and
Cancer Cell Fate. Front Oncol 7: 78. doi: 10.3389/fonc.2017.00078

20. Obeid M, Tesniere A, Ghiringhelli F, Fimia GM, Apetoh L, Perfettini
JL, Castedo M, Mignot G, Panaretakis T, Casares N, Metivier D,
Larochette N, van Endert P, Ciccosanti F, Piacentini M, Zitvogel L,
Kroemer G (2007). Calreticulin exposure dictates the immunogenicity
of cancer cell death. Nat Med 13(1): 54-61. doi: 10.1038/nm1523

32. Madden E, Logue SE, Healy SJ, Manie S, Samali A (2019). The role
of the unfolded protein response in cancer progression: From
oncogenesis to chemoresistance. Biol Cell 111(1): 1-17. doi:
10.1111/boc.201800050

21. Michaud M, Xie X, Bravo-San Pedro JM, Zitvogel L, White E,
Kroemer G (2014). An autophagy-dependent anticancer immune
response determines the efficacy of melanoma chemotherapy.
Oncoimmunology
3(7):
e944047.
doi:
10.4161/21624011.2014.944047
22. Ghiringhelli F, Apetoh L, Tesniere A, Aymeric L, Ma Y, Ortiz C,
Vermaelen K, Panaretakis T, Mignot G, Ullrich E, Perfettini JL,
Schlemmer F, Tasdemir E, Uhl M, Genin P, Civas A, Ryffel B,
Kanellopoulos J, Tschopp J, Andre F, Lidereau R, McLaughlin NM,
Haynes NM, Smyth MJ, Kroemer G, Zitvogel L (2009). Activation of the
NLRP3 inflammasome in dendritic cells induces IL-1beta-dependent
adaptive immunity against tumors. Nat Med 15(10): 1170-1178. doi:
10.1038/nm.2028
23. Garg AD, Krysko DV, Verfaillie T, Kaczmarek A, Ferreira GB,
Marysael T, Rubio N, Firczuk M, Mathieu C, Roebroek AJ, Annaert W,
Golab J, de Witte P, Vandenabeele P, Agostinis P (2012). A novel
pathway combining calreticulin exposure and ATP secretion in
immunogenic cancer cell death. EMBO J 31(5): 1062-1079. doi:
10.1038/emboj.2011.497
24. Apetoh L, Ghiringhelli F, Tesniere A, Obeid M, Ortiz C, Criollo A,
Mignot G, Maiuri MC, Ullrich E, Saulnier P, Yang H, Amigorena S, Ryffel
B, Barrat FJ, Saftig P, Levi F, Lidereau R, Nogues C, Mira JP, Chompret
A, Joulin V, Clavel-Chapelon F, Bourhis J, Andre F, Delaloge S, Tursz T,
Kroemer G, Zitvogel L (2007). Toll-like receptor 4-dependent
contribution of the immune system to anticancer chemotherapy and
radiotherapy. Nat Med 13(9): 1050-1059. doi: 10.1038/nm1622

33. Staniforth V, Wang SY, Shyur LF, Yang NS (2004). Shikonins,
phytocompounds from Lithospermum erythrorhizon, inhibit the
transcriptional activation of human tumor necrosis factor alpha
promoter in vivo. J Biol Chem 279(7): 5877-5885. doi:
10.1074/jbc.M309185200
34. Su PF, Staniforth V, Li CJ, Wang CY, Chiao MT, Wang SY, Shyur LF,
Yang NS (2008). Immunomodulatory effects of phytocompounds
characterized by in vivo transgenic human GM-CSF promoter activity
in skin tissues. J Biomed Sci 15(6): 813-822. doi: 10.1007/s11373-0089266-7
35. Chiu SC, Yang NS (2007). Inhibition of tumor necrosis factor-alpha
through selective blockade of Pre-mRNA splicing by shikonin. Mol
Pharmacol 71(6): 1640-1645. doi: 10.1124/mol.106.032821
36. Chen HM, Wang PH, Chen SS, Wen CC, Chen YH, Yang WC, Yang NS
(2012). Shikonin induces immunogenic cell death in tumor cells and
enhances dendritic cell-based cancer vaccine. Cancer Immunol
Immunother 61(11): 1989-2002. doi: 10.1007/s00262-012-1258-9
37. Yin SY, Efferth T, Jian FY, Chen YH, Liu CI, Wang AH, Chen YR, Hsiao
PW, Yang NS (2016). Immunogenicity of mammary tumor cells can be
induced by shikonin via direct binding-interference with hnRNPA1.
Oncotarget 7(28): 43629-43653. doi: 10.18632/oncotarget.9660
38. Garg AD, Vandenberk L, Koks C, Verschuere T, Boon L, Van Gool
SW, Agostinis P (2016). Dendritic cell vaccines based on immunogenic
cell death elicit danger signals and T cell-driven rejection of high-grade
glioma.
Sci
Transl
Med
8(328):
328ra327.
doi:
10.1126/scitranslmed.aae0105

25. Shiratsuchi A, Watanabe I, Takeuchi O, Akira S, Nakanishi Y (2004).
Inhibitory effect of Toll-like receptor 4 on fusion between phagosomes
and endosomes/lysosomes in macrophages. J Immunol 172(4): 20392047. doi: 10.4049/jimmunol.172.4.2039

39. Krysko DV, Garg AD, Kaczmarek A, Krysko O, Agostinis P,
Vandenabeele P (2012). Immunogenic cell death and DAMPs in cancer
therapy. Nat Rev Cancer 12(12): 860-875. doi: 10.1038/nrc3380

26. Tesniere A, Panaretakis T, Kepp O, Apetoh L, Ghiringhelli F,
Zitvogel L, Kroemer G (2008). Molecular characteristics of
immunogenic cancer cell death. Cell Death Differ 15(1): 3-12. doi:
10.1038/sj.cdd.4402269

40. Turrini E, Catanzaro E, Muraro MG, Governa V, Trella E, Mele V,
Calcabrini C, Morroni F, Sita G, Hrelia P, Tacchini M, Fimognari C
(2018). Hemidesmus indicus induces immunogenic death in human
colorectal cancer cells. Oncotarget 9(36): 24443-24456. doi:
10.18632/oncotarget.25325

27. Chaput N, De Botton S, Obeid M, Apetoh L, Ghiringhelli F,
Panaretakis T, Flament C, Zitvogel L, Kroemer G (2007). Molecular
determinants of immunogenic cell death: surface exposure of
calreticulin makes the difference. J Mol Med 85(10): 1069-1076. doi:
10.1007/s00109-007-0214-1

41. Castaneda DM, Pombo LM, Uruena CP, Hernandez JF, Fiorentino S
(2012). A gallotannin-rich fraction from Caesalpinia spinosa (Molina)
Kuntze displays cytotoxic activity and raises sensitivity to doxorubicin
in a leukemia cell line. BMC Complement Altern Med 12: 38. doi:
10.1186/1472-6882-12-38

28. Obeid M, Tesniere A, Panaretakis T, Tufi R, Joza N, van Endert P,
Ghiringhelli F, Apetoh L, Chaput N, Flament C, Ullrich E, de Botton S,
Zitvogel L, Kroemer G (2007). Ecto-calreticulin in immunogenic
chemotherapy. Immunol Rev 220: 22-34. doi: 10.1111/j.1600065X.2007.00567.x

42. Uruena C, Gomez A, Sandoval T, Hernandez J, Li S, Barreto A,
Fiorentino S (2015). Multifunctional T Lymphocytes Generated After
Therapy With an Antitumor Gallotanin-Rich Normalized Fraction Are
Related to Primary Tumor Size Reduction in a Breast Cancer Model.
Integr Cancer Ther 14(5): 468-483. doi: 10.1177/1534735415596425

29. Bezu L, Sauvat A, Humeau J, Leduc M, Kepp O, Kroemer G (2018).
eIF2alpha phosphorylation: A hallmark of immunogenic cell death.
Oncoimmunology
7(6):
e1431089.
doi:
10.1080/2162402X.2018.1431089

43. Gomez-Cadena A, Uruena C, Prieto K, Martinez-Usatorre A, Donda
A, Barreto A, Romero P, Fiorentino S (2016). Immune-systemdependent anti-tumor activity of a plant-derived polyphenol rich
fraction in a melanoma mouse model. Cell Death Dis 7(6): e2243. doi:
10.1038/cddis.2016.134

30. Nikesitch N, Lee JM, Ling S, Roberts TL (2018). Endoplasmic
reticulum stress in the development of multiple myeloma and drug
resistance. Clin Transl Immunology 7(1): e1007. doi:
10.1002/cti2.1007

OPEN ACCESS | www.cell-stress.com

163

44. Prieto K, Cao Y, Mohamed E, Trillo-Tinoco J, Sierra RA, Uruena C,
Sandoval TA, Fiorentino S, Rodriguez PC, Barreto A (2019).
Polyphenol-rich extract induces apoptosis with immunogenic markers
in melanoma cells through the ER stress-associated kinase PERK. Cell
Death Discov 5: 134. doi: 10.1038/s41420-019-0214-2

Cell Stress | JULY 2020 | Vol. 4 No. 7

A. Gomez-Cadena et al. (2020)

Immune system activation by natural products

45. Ren Y, Wei M, Still PC, Yuan S, Deng Y, Chen X, Himmeldirk K,
Kinghorn AD, Yu J (2012). Synthesis and Antitumor Activity of Ellagic
Acid Peracetate. ACS Med Chem Lett 3(8): 631-636. doi:
10.1021/ml300065z
46. Li X, Dong W, Nalin AP, Wang Y, Pan P, Xu B, Zhang Y, Tun S, Zhang
J, Wang LS, He X, Caligiuri MA, Yu J (2018). The natural product
chitosan enhances the anti-tumor activity of natural killer cells by
activating dendritic cells. Oncoimmunology 7(6): e1431085. doi:
10.1080/2162402X.2018.1431085
47. Deng Y, Chu J, Ren Y, Fan Z, Ji X, Mundy-Bosse B, Yuan S, Hughes T,
Zhang J, Cheema B, Camardo AT, Xia Y, Wu LC, Wang LS, He X,
Kinghorn AD, Li X, Caligiuri MA, Yu J (2014). The natural product
phyllanthusmin C enhances IFN-gamma production by human NK cells
through upregulation of TLR-mediated NF-kappaB signaling. J
Immunol 193(6): 2994-3002. doi: 10.4049/jimmunol.1302600
48. Kunnumakkara AB, Anand P, Aggarwal BB (2008). Curcumin
inhibits proliferation, invasion, angiogenesis and metastasis of
different cancers through interaction with multiple cell signaling
proteins.
Cancer
Lett
269(2):
199-225.
doi:
10.1016/j.canlet.2008.03.009
49. Chang YF, Chuang HY, Hsu CH, Liu RS, Gambhir SS, Hwang JJ
(2012). Immunomodulation of curcumin on adoptive therapy with T
cell functional imaging in mice. Cancer Prev Res (Phila) 5(3): 444-452.
doi: 10.1158/1940-6207.CAPR-11-0308
50. Dai Y, Kato M, Takeda K, Kawamoto Y, Akhand AA, Hossain K,
Suzuki H, Nakashima I (2001). T-cell-immunity-based inhibitory effects
of orally administered herbal medicine juzen-taiho-to on the growth
of primarily developed melanocytic tumors in RET-transgenic mice. J
Invest
Dermatol
117(3):
694-701.
doi:
10.1046/j.0022202x.2001.01457.x
51. Foster K, Younger N, Aiken W, Brady-West D, Delgoda R (2017).
Reliance on medicinal plant therapy among cancer patients in
Jamaica. Cancer Causes Control 28(11): 1349-1356. doi:
10.1007/s10552-017-0924-9
52. Hernandez JF, Uruena CP, Cifuentes MC, Sandoval TA, Pombo LM,
Castaneda D, Asea A, Fiorentino S (2014). A Petiveria alliacea
standardized fraction induces breast adenocarcinoma cell death by
modulating glycolytic metabolism. J Ethnopharmacol 153(3): 641-649.
doi: 10.1016/j.jep.2014.03.013
53. John F.Hernández CPU, Tito A.Sandoval, Maria C.Cifuentes, Laura
Formentini, Jose M.Cuezva, SusanaFiorentino (2017). A cytotoxic
Petiveria alliacea dry extract induces ATP depletion and decreases βF1-ATPase expression in breast cancer cells and promotes survival in
tumor-bearing mice. Revista Brasileira de Farmacognosia 27(3): 306314. doi: 10.1016/j.bjp.2016.09.008
54. Junio HA, Sy-Cordero AA, Ettefagh KA, Burns JT, Micko KT, Graf TN,
Richter SJ, Cannon RE, Oberlies NH, Cech NB (2011). Synergy-directed
fractionation of botanical medicines: a case study with goldenseal
(Hydrastis canadensis). J Nat Prod 74(7): 1621-1629. doi:
10.1021/np200336g
55. Ettefagh KA, Burns JT, Junio HA, Kaatz GW, Cech NB (2011).
Goldenseal (Hydrastis canadensis L.) extracts synergistically enhance
the antibacterial activity of berberine via efflux pump inhibition.
Planta Med 77(8): 835-840. doi: 10.1055/s-0030-1250606
56. Lovelace ES, Polyak SJ (2015). Natural Products as Tools for
Defining How Cellular Metabolism Influences Cellular Immune and
Inflammatory Function during Chronic Infection. Viruses 7(12): 62186232. doi: 10.3390/v7122933
57. Bolognesi ML, Budriesi R, Chiarini A, Poggesi E, Leonardi A,
Melchiorre C (1998). Design, synthesis, and biological activity of
prazosin-related antagonists. Role of the piperazine and furan units of

OPEN ACCESS | www.cell-stress.com

164

prazosin on the selectivity for alpha1-adrenoreceptor subtypes. J Med
Chem 41(24): 4844-4853. doi: 10.1021/jm9810654
58. Melchiorre C, Andrisano V, Bolognesi ML, Budriesi R, Cavalli A,
Cavrini V, Rosini M, Tumiatti V, Recanatini M (1998).
Acetylcholinesterase noncovalent inhibitors based on a polyamine
backbone for potential use against Alzheimer's disease. J Med Chem
41(22): 4186-4189. doi: 10.1021/jm9810452
59. Bolognesi ML, Cavalli A (2016). Multitarget Drug Discovery and
Polypharmacology. ChemMedChem 11(12): 1190-1192. doi:
10.1002/cmdc.201600161
60. Wing Lam SB, Fulan Guan, Zaoli Jiang, Wei Zhang, Elizabeth A.
Gullen, Shwu-Huey Liu and Yung-Chi Cheng (2010). The Four-Herb
Chinese Medicine PHY906 Reduces Chemotherapy-Induced
Gastrointestinal Toxicity Science Translational Medicine 2(45):
45ra59. doi: 10.1126/scitranslmed.3001270
61. Gatti A, Sabato E, Di Paolo AR, Mammucari M, Sabato AF (2010).
Oxycodone/paracetamol: a low-dose synergic combination useful in
different types of pain. Clin Drug Investig 30 (Suppl 2): 3-14. doi:
10.2165/1158414-S0-000000000-00000
62. Chung J, DiGiusto DL, Rossi JJ (2013). Combinatorial RNA-based
gene therapy for the treatment of HIV/AIDS. Expert Opin Biol Ther
13(3): 437-445. doi: 10.1517/14712598.2013.761968
63. Pirrone V, Thakkar N, Jacobson JM, Wigdahl B, Krebs FC (2011).
Combinatorial approaches to the prevention and treatment of HIV-1
infection. Antimicrob Agents Chemother 55(5): 1831-1842. doi:
10.1128/AAC.00976-10
64. Nanayakkara AK, Follit CA, Chen G, Williams NS, Vogel PD, Wise JG
(2018).
Targeted
inhibitors
of
P-glycoprotein
increase
chemotherapeutic-induced mortality of multidrug resistant tumor
cells. Sci Rep 8(1): 967. doi: 10.1038/s41598-018-19325-x
65. Mukhtar H, Ahmad N (2000). Tea polyphenols: prevention of
cancer and optimizing health. Am J Clin Nutr 71(6 Suppl): 1698S1702S; discussion 1703S-1694S. doi: 10.1093/ajcn/71.6.1698S
66. Shimizu M, Deguchi A, Lim JT, Moriwaki H, Kopelovich L, Weinstein
IB (2005). (-)-Epigallocatechin gallate and polyphenon E inhibit growth
and activation of the epidermal growth factor receptor and human
epidermal growth factor receptor-2 signaling pathways in human
colon cancer cells. Clin Cancer Res 11(7): 2735-2746. doi:
10.1158/1078-0432.CCR-04-2014
67. Lambert JD, Hong J, Yang GY, Liao J, Yang CS (2005). Inhibition of
carcinogenesis by polyphenols: evidence from laboratory
investigations. Am J Clin Nutr 81(1 Suppl): 284S-291S. doi:
10.1093/ajcn/81.1.284S
68. Nam S, Smith DM, Dou QP (2001). Ester bond-containing tea
polyphenols potently inhibit proteasome activity in vitro and in vivo. J
Biol Chem 276(16): 13322-13330. doi: 10.1074/jbc.M004209200
69. Adhami VM, Siddiqui IA, Ahmad N, Gupta S, Mukhtar H (2004).
Oral consumption of green tea polyphenols inhibits insulin-like growth
factor-I-induced signaling in an autochthonous mouse model of
prostate cancer. Cancer Res 64(23): 8715-8722. doi: 10.1158/00085472.CAN-04-2840
70. Moreira R, Pereira DM, Valentao P, Andrade PB (2018).
Pyrrolizidine Alkaloids: Chemistry, Pharmacology, Toxicology and Food
Safety. Int J Mol Sci 19(6): E1668. doi: 10.3390/ijms19061668
71. Nortier JL, Martinez MC, Schmeiser HH, Arlt VM, Bieler CA, Petein
M, Depierreux MF, De Pauw L, Abramowicz D, Vereerstraeten P,
Vanherweghem JL (2000). Urothelial carcinoma associated with the
use of a Chinese herb (Aristolochia fangchi). N Engl J Med 342(23):
1686-1692. doi: 10.1056/NEJM200006083422301

Cell Stress | JULY 2020 | Vol. 4 No. 7

A. Gomez-Cadena et al. (2020)

Immune system activation by natural products

72. Ekor M (2014). The growing use of herbal medicines: issues
relating to adverse reactions and challenges in monitoring safety.
Front Pharmacol 4: 177. doi: 10.3389/fphar.2013.00177
73. Lasso P, Gomez-Cadena A, Uruena C, Donda A, Martinez-Usatorre
A, Barreto A, Romero P, Fiorentino S (2018). Prophylactic vs.
Therapeutic Treatment With P2Et Polyphenol-Rich Extract Has
Opposite Effects on Tumor Growth. Front Oncol 8: 356. doi:
10.3389/fonc.2018.00356
74. Barabasi AL, Gulbahce N, Loscalzo J (2011). Network medicine: a
network-based approach to human disease. Nat Rev Genet 12(1): 5668. doi: 10.1038/nrg2918
75. Mencher SK, Wang LG (2005). Promiscuous drugs compared to
selective drugs (promiscuity can be a virtue). BMC Clin Pharmacol 5:
3. doi: 10.1186/1472-6904-5-3
76. Poornima P, Kumar JD, Zhao Q, Blunder M, Efferth T (2016).
Network pharmacology of cancer: From understanding of complex
interactomes to the design of multi-target specific therapeutics from
nature. Pharmacol Res 111: 290-302. doi: 10.1016/j.phrs.2016.06.018
77. Fan X, Zhao X, Jin Y, Shen X, Liu C (2011). Network toxicology and
its application to traditional Chinese medicine. Zhongguo Zhong Yao
Za Zhi 36(21): 2920-2922. PMID: 22308674
78. Lee AY, Park W, Kang TW, Cha MH, Chun JM (2018). Network
pharmacology-based prediction of active compounds and molecular
targets in Yijin-Tang acting on hyperlipidaemia and atherosclerosis. J
Ethnopharmacol 221: 151-159. doi: 10.1016/j.jep.2018.04.027
79. Zhang S, Shan L, Li Q, Wang X, Li S, Zhang Y, Fu J, Liu X, Li H, Zhang
W (2014). Systematic Analysis of the Multiple Bioactivities of Green
Tea through a Network Pharmacology Approach. Evid Based
Complement Alternat Med 2014: 512081. doi: 10.1155/2014/512081
80. Gao L, Wang XD, Niu YY, Duan DD, Yang X, Hao J, Zhu CH, Chen D,
Wang KX, Qin XM, Wu XZ (2016). Molecular targets of Chinese herbs:
a clinical study of hepatoma based on network pharmacology. Sci Rep
6: 24944. doi: 10.1038/srep24944
81. Ramsay RR, Popovic-Nikolic MR, Nikolic K, Uliassi E, Bolognesi ML
(2018). A perspective on multi-target drug discovery and design for
complex diseases. Clin Transl Med 7(1): 3. doi: 10.1186/s40169-0170181-2
82. Yildirim MA, Goh KI, Cusick ME, Barabasi AL, Vidal M (2007). Drugtarget network. Nat Biotechnol 25(10): 1119-1126. doi:
10.1038/nbt1338
83. Cavalli A, Bolognesi ML, Minarini A, Rosini M, Tumiatti V,
Recanatini M, Melchiorre C (2008). Multi-target-directed ligands to
combat neurodegenerative diseases. J Med Chem 51(3): 347-372. doi:
10.1021/jm7009364
84. Liu Z, Du J, Yan X, Zhong J, Cui L, Lin J, Zeng L, Ding P, Chen P, Zhou
X, Zhou H, Gu Q, Xu J (2018). TCMAnalyzer: A Chemo- and
Bioinformatics Web Service for Analyzing Traditional Chinese
Medicine. J
Chem
Inf
Model 58(3): 550-555. doi:
10.1021/acs.jcim.7b00549
85. Zhang R, Zhu X, Bai H, Ning K (2019). Network Pharmacology
Databases for Traditional Chinese Medicine: Review and Assessment.
Front Pharmacol 10: 123. doi: 10.3389/fphar.2019.00123
86. Li S, Zhang B, Jiang D, Wei Y, Zhang N (2010). Herb network
construction and co-module analysis for uncovering the combination
rule of traditional Chinese herbal formulae. BMC Bioinformatics 11
(Suppl 11): S6. doi: 10.1186/1471-2105-11-S11-S6
87. Davis AP, Murphy CG, Johnson R, Lay JM, Lennon-Hopkins K,
Saraceni-Richards C, Sciaky D, King BL, Rosenstein MC, Wiegers TC,
Mattingly CJ (2013). The Comparative Toxicogenomics Database:

OPEN ACCESS | www.cell-stress.com

165

update 2013. Nucleic
10.1093/nar/gks994

Acids

Res

41:

D1104-1114.

doi:

88. Wexler P (2001). TOXNET: an evolving web resource for toxicology
and environmental health information. Toxicology 157(1-2): 3-10. doi:
10.1016/s0300-483x(00)00337-1
89. Pache RA, Ceol A, Aloy P (2012). NetAligner--a network alignment
server to compare complexes, pathways and whole interactomes.
Nucleic Acids Res 40: W157-161. doi: 10.1093/nar/gks446
90. Anighoro A, Bajorath J, Rastelli G (2014). Polypharmacology:
challenges and opportunities in drug discovery. J Med Chem 57(19):
7874-7887. doi: 10.1021/jm5006463
91. Wong YH, Lin CL, Chen TS, Chen CA, Jiang PS, Lai YH, Chu L, Li CW,
Chen JJ, Chen BS (2015). Multiple target drug cocktail design for
attacking the core network markers of four cancers using ligand-based
and structure-based virtual screening methods. BMC Med Genomics 8
(Suppl 4): S4. doi: 10.1186/1755-8794-8-S4-S4
92. Kepp O, Menger L, Vacchelli E, Locher C, Adjemian S, Yamazaki T,
Martins I, Sukkurwala AQ, Michaud M, Senovilla L, Galluzzi L, Kroemer
G, Zitvogel L (2013). Crosstalk between ER stress and immunogenic
cell death. Cytokine Growth Factor Rev 24(4): 311-318. doi:
10.1016/j.cytogfr.2013.05.001
93. Lesterhuis WJ, Rinaldi C, Jones A, Rozali EN, Dick IM, Khong A,
Boon L, Robinson BW, Nowak AK, Bosco A, Lake RA (2015). Network
analysis of immunotherapy-induced regressing tumours identifies
novel synergistic drug combinations. Sci Rep 5: 12298. doi:
10.1038/srep12298
94. Zi F, Zi H, Li Y, He J, Shi Q, Cai Z (2018). Metformin and cancer: An
existing drug for cancer prevention and therapy. Oncol Lett 15(1):
683-690. doi: 10.3892/ol.2017.7412
95. Cubillos-Ruiz JR, Bettigole SE, Glimcher LH (2017). Tumorigenic and
Immunosuppressive Effects of Endoplasmic Reticulum Stress in
Cancer. Cell 168(4): 692-706. doi: 10.1016/j.cell.2016.12.004
96. Thommen DS, Schumacher TN (2018). T Cell Dysfunction in Cancer.
Cancer Cell 33(4): 547-562. doi: 10.1016/j.ccell.2018.03.012
97. Liu D, Jenkins RW, Sullivan RJ (2019). Mechanisms of Resistance to
Immune Checkpoint Blockade. Am J Clin Dermatol 20(1): 41-54. doi:
10.1007/s40257-018-0389-y
98. Zhang S, Wang Y (2019). Network Pharmacology Approach Reveals
the Potential Immune Function Activation and Tumor Cell Apoptosis
Promotion of Xia Qi Decoction in Lung Cancer. Med Sci 8(1): E1. doi:
10.3390/medsci8010001
99. Mao Y, Hao J, Jin ZQ, Niu YY, Yang X, Liu D, Cao R, Wu XZ (2017).
Network pharmacology-based and clinically relevant prediction of the
active ingredients and potential targets of Chinese herbs in metastatic
breast cancer patients. Oncotarget 8(16): 27007-27021. doi:
10.18632/oncotarget.15351
100. Zhang QY, Wang FX, Jia KK, Kong LD (2018). Natural Product
Interventions for Chemotherapy and Radiotherapy-Induced Side
Effects. Front Pharmacol 9: 1253. doi: 10.3389/fphar.2018.01253
101. Kim HS, Kim MK, Lee M, Kwon BS, Suh DH, Song YS (2017). Effect
of Red Ginseng on Genotoxicity and Health-Related Quality of Life
after Adjuvant Chemotherapy in Patients with Epithelial Ovarian
Cancer: A Randomized, Double Blind, Placebo-Controlled Trial.
Nutrients 9(7): E772. doi: 10.3390/nu9070772
102. Sandoval TA, Uruena CP, Llano M, Gomez-Cadena A, Hernandez
JF, Sequeda LG, Loaiza AE, Barreto A, Li S, Fiorentino S (2016).
Standardized Extract from Caesalpinia spinosa is Cytotoxic Over
Cancer Stem Cells and Enhance Anticancer Activity of Doxorubicin. Am
J Chin Med 44(8): 1693-1717. doi: 10.1142/S0192415X16500956

Cell Stress | JULY 2020 | Vol. 4 No. 7

A. Gomez-Cadena et al. (2020)

Immune system activation by natural products

103. Liu SH, Cheng YC (2012). Old formula, new Rx: the journey of
PHY906 as cancer adjuvant therapy. J Ethnopharmacol 140(3): 614623. doi: 10.1016/j.jep.2012.01.047
104. World Health Organization (2018). Essential medecines and
Health
products
Information
Portal.
Available
at:
https://apps.who.int/medicinedocs/en/m/abstract/Js23449en/
[Accessed: 01.12.2019]
105. Qu L, Zou W, Wang Y, Wang M (2018). European regulation
model for herbal medicine: The assessment of the EU monograph and
the safety and efficacy evaluation in marketing authorization or
registration in Member States. Phytomedicine 42: 219-225. doi:
10.1016/j.phymed.2018.03.048
106. Bugaut H, Bruchard M, Berger H, Derangere V, Odoul L, Euvrard
R, Ladoire S, Chalmin F, Vegran F, Rebe C, Apetoh L, Ghiringhelli F,
Mignot G (2013). Bleomycin exerts ambivalent antitumor immune
effect by triggering both immunogenic cell death and proliferation of
regulatory
T
cells.
PLoS
One
8(6):
e65181.
doi:
10.1371/journal.pone.0065181
107. Schiavoni G, Sistigu A, Valentini M, Mattei F, Sestili P, Spadaro F,
Sanchez M, Lorenzi S, D'Urso MT, Belardelli F, Gabriele L, Proietti E,
Bracci L (2011). Cyclophosphamide synergizes with type I interferons
through systemic dendritic cell reactivation and induction of
immunogenic tumor apoptosis. Cancer Res 71(3): 768-778. doi:
10.1158/0008-5472.CAN-10-2788
108. Tesniere A, Schlemmer F, Boige V, Kepp O, Martins I, Ghiringhelli
F, Aymeric L, Michaud M, Apetoh L, Barault L, Mendiboure J, Pignon
JP, Jooste V, van Endert P, Ducreux M, Zitvogel L, Piard F, Kroemer G
(2010). Immunogenic death of colon cancer cells treated with
oxaliplatin. Oncogene 29(4): 482-491. doi: 10.1038/onc.2009.356

OPEN ACCESS | www.cell-stress.com

166

109. Obeid M, Panaretakis T, Joza N, Tufi R, Tesniere A, van Endert P,
Zitvogel L, Kroemer G (2007). Calreticulin exposure is required for the
immunogenicity of gamma-irradiation and UVC light-induced
apoptosis. Cell Death
Differ
14(10): 1848-1850. doi:
10.1038/sj.cdd.4402201
110. Bayer C, Liebhardt ME, Schmid TE, Trajkovic-Arsic M, Hube K,
Specht HM, Schilling D, Gehrmann M, Stangl S, Siveke JT, Wilkens JJ,
Multhoff G (2014). Validation of heat shock protein 70 as a tumorspecific biomarker for monitoring the outcome of radiation therapy in
tumor mouse models. Int J Radiat Oncol Biol Phys 88(3): 694-700. doi:
10.1016/j.ijrobp.2013.11.008
111. Menger L, Vacchelli E, Adjemian S, Martins I, Ma Y, Shen S,
Yamazaki T, Sukkurwala AQ, Michaud M, Mignot G, Schlemmer F,
Sulpice E, Locher C, Gidrol X, Ghiringhelli F, Modjtahedi N, Galluzzi L,
Andre F, Zitvogel L, Kepp O, Kroemer G (2012). Cardiac glycosides
exert anticancer effects by inducing immunogenic cell death. Sci
Transl Med 4(143): 143ra199. doi: 10.1126/scitranslmed.3003807
112. Bommareddy PK, Zloza A, Rabkin SD, Kaufman HL (2019).
Oncolytic virus immunotherapy induces immunogenic cell death and
overcomes STING deficiency in melanoma. Oncoimmunology 8(7):
1591875. doi: 10.1080/2162402X.2019.1591875
113. Yang Y, Li XJ, Chen Z, Zhu XX, Wang J, Zhang LB, Qiang L, Ma YJ, Li
ZY, Guo QL, You QD (2012). Wogonin induced calreticulin/annexin A1
exposure dictates the immunogenicity of cancer cells in a PERK/AKT
dependent
manner.
PLoS
One
7(12):
e50811.
doi:
10.1371/journal.pone.0050811
114. Yoshida Y, Wang MQ, Liu JN, Shan BE, Yamashita U (1997).
Immunomodulating activity of Chinese medicinal herbs and
Oldenlandia diffusa in particular. Int J Immunopharmacol 19(7): 359370. doi: 10.1016/s0192-0561(97)00076-3

Cell Stress | JULY 2020 | Vol. 4 No. 7

