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Simple Summary: DNA vaccination represents a useful approach for human papillomavirus
(HPV) cancer therapy. The therapeutic potential of plant-based natural compounds for control
of HPV-associated cancers has been also widely explored. Genetic vaccines for HPV-associated
tumors that include plant protein-encoding gene sequences, used alone or in combinations with
plant metabolites, are being investigated but are still in their infancy. Main focus of this paper is to
provide an overview of the current state of novel therapeutic strategies employing genetic vaccines
along with plant-derived compounds and genes. We highlight the importance of multimodality
treatment regimen such as combining immunotherapy with plant-derived agents.

Abstract: Antigen-specific immunotherapy and, in particular, DNA vaccination provides an
established approach for tackling human papillomavirus (HPV) cancers at different stages.
DNA vaccines are stable and have a cost-effective production. Their intrinsic low immunogenicity
has been improved by several strategies with some success, including fusion of HPV antigens
with plant gene sequences. Another approach for the control of HPV cancers is the use of natural
immunomodulatory agents like those derived from plants, that are able to interfere in carcinogenesis
by modulating many different cellular pathways and, in some instances, to reduce chemo- and
radiotherapy resistance of tumors. Indeed, plant-derived compounds represent, in many cases,
an abundantly available, cost-effective source of molecules that can be either harvested directly
in nature or obtained from plant cell cultures. In this review, an overview of the most relevant
data reported in literature on the use of plant natural compounds and genetic vaccines that include
plant-derived sequences against HPV tumors is provided. The purpose is also to highlight the
still under-explored potential of multimodal treatments implying DNA vaccination along with
plant-derived agents.

Keywords: plant molecules; HPV-related tumors; DNA vaccination; multimodal treatments;
immunomodulation; immunotherapy; combined DNA vaccine/plant molecule therapy;
chimeric vaccine

1. Introduction

Cancer is considered the leading cause of death in wealthy countries, and 15-20% of all human
cancers are associated with viral infections [1,2]. Human papillomavirus (HPV) is the most common
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sexually transmitted virus and HPV-related cancers account for 8% of all human cancers and their
annual incidence is approximately 15 per 100,000 among women and men [3,4]. The incidence of
HPV-related cancers remains high despite the introduction of prophylactic vaccines [5]. Currently,
commercially available prophylactic HPV vaccines are suggested for use in women up to 45 years
of age, but are mainly administered in the 9-15 years’ cohort. Since most cancers develop in
decades after the initial HPV infection, the impact of this vaccination program will only be seen
in the long-term. Therefore, the creation of a therapeutic vaccine able to provide similar results to
treatments in use in clinical practice, such as surgery or chemotherapy, represents a challenge for the
eradication of HPV-induced tumors. However, no therapeutic vaccines are licensed for clinical use yet.
Currently, several types of therapeutic HPV vaccines are being tested [6-9]. In this article, the status
of therapeutic, “plant-inspired” HPV genetic vaccines is reviewed, together with the therapeutic
potential of plant-based natural compounds. The analysis of published data demonstrated that
the power of plant-based molecules/vaccines in the development of therapeutic vaccines against
HPV-disease is very strong and that plant molecules may render the immune system more prone to a
vaccine response.

In the past, we described that a plant extract of Nicotiana benthamiana, containing ectopically
expressed HPV 16 E7 protein, induced a cell-mediated immune response able to protect vaccinated
mice from tumor challenge, notably without any adjuvant [10,11].

This extract induced maturation of human dendritic cells (DCs) that became able to prime in vitro
human blood-derived T lymphocytes from healthy individuals to induce HPV 16 E7-specific cytotoxic
response [12]. A similar ability to increase immunogenicity was described for an E7 protein-based
vaccine produced in the microalga Chlamydomonas reinhardtii [13]. A common and relevant feature of
these vaccines was the intrinsic adjuvant activity.

Meanwhile, it was established that enhanced release of HPV antigens from tumor cells
pretreated with chemo/radiotherapy can be modulated by plant-derived chemotherapeutic agents.
Indeed, chemotherapeutic agents such as Apigenin [14] and Epigallocathenin [15] induced
a powerful cell-mediated response when used in combination with DNA vaccines. On the contrary,
another chemotherapeutic agent such as Saffron [16] has proven its anticancer effects used alone.
Therefore, it is important to explore the mechanisms of action of both plant molecules and DNA
vaccination to identify the best combination for HPV-related cancer treatment.

Beside plant molecules, plant viruses and gene sequences encoding plant proteins (including
signal sequences) have been employed to improve HPV therapeutic genetic vaccine. Fusion of HPV 16
E7 gene to the Potato Virus X coat protein (PVX-CP) gene increased the rate of proteasomal degradation
in transfected cells and, as a consequence, vaccine efficacy [17]. Indeed, peptides produced by the
proteasomal degradation of cytosolic proteins bind to MHC I molecules and the rate of antigen
degradation by the ubiquitin-proteasome pathway affects antigen presentation by MHC I, that is of
pivotal importance for vaccine activity. In addition, we demonstrated that sequences derived from
plant proteins improved genetic E7-based vaccine formulations [9,18]. Further, a plant signal sequence
fused to synthetic E7 and L2 (i.e., the minor HPV capsid protein) genes of HPV 16 was able to elicit
strong specific IgG humoral responses associated to E7 specific T-cell mediated immunity [19,20].
This chimeric vaccine, with preventive and therapeutic effects against HPV infections, offers excellent
prospects for the future of DNA vaccine research. These promising efforts to create new therapeutic
vaccines will help control HPV-associated malignancies alongside conventional methods of treating
HPV [21].

In this review, we focus on the most relevant aspects of plant-derived compounds and genetic
vaccines that might be decisive for the future development of cost-effective HPV vaccines.

2. HPV Carcinogenesis

The high-risk (HR) HPV types (i.e., HPV 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 68, 73, 82) are
considered to be the main etiological agents of genital tract cancers, such as cervical, vulvar, vaginal,
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penile, and anal cancers, and of a subset of head and neck cancers. Among the 15 most frequent
oncogenic HPV types associated with these cancers, HPV 16 is the most common and associated with
the highest risk of progression to cancer [22-24].

The primary evidence of cancer development is HPV integration into the host genome in
malignant tumors. HPV integration can take place in multiple non-recurrent regions of amplification
and in flanked regions where deletions occur. There is a robust association between HPV insertional
breakpoints and genomic structural alterations, which ultimately results in genomic instability,
a peculiar sign of HPV-positive tumors. HPV alone is necessary but not sufficient to induce tumors,
while it holds an important role in cancer maintenance. However, other genetic and epigenetic events
are required for cancer development. This phenomenon may partly explain the latency period that
occurs in tumor development and how persistent infection with HR HPVs is necessary for progression
to high-grade lesions or cancer [25,26].

Other risk factors for progression to high-grade dysplasia and cancer include age over 30 years,
infection with multiple HPV types, immunosuppression, and tobacco use [27,28].

HR HPV E6 and E7 are oncoproteins that bind and promote degradation of tumor
suppressor proteins, p53 and retinoblastoma (pRb), respectively. However, HPVs interact with
many other cancer-relevant pathways, even in a p53- and/or pRb-independent way. In addition,
these oncoproteins may deregulate intracellular microRNA (miRNA) networks, and many HPV-altered
miRNAs have been linked to carcinogenesis [29]. E6/E7 oncoproteins represent an ideal set of targets
for a therapeutic vaccine against HPV-associated cancer because these proteins not only induce
tumorigenesis but also are constitutively expressed in HPV-infected pre-malignant and malignant cells.
Since there is evidence that regression of HPV-associated lesions is linked to the presence of a cellular,
but not humoral immune response, a therapeutic vaccine able to induce a selective robust E6/E7-specific
T-cell response is highly welcome [30].

3. HPV Vaccines

Identifying HPV as an etiological factor of cervical cancer and other HPV-associated malignancies
helped in the development of immunization strategies to prevent infection and associated diseases
caused by HPV. Since 2013, HPV vaccines (bivalent and quadrivalent) have been included in the
national immunization programs of at least 66 nations, including North America and Western Europe,
primarily [28]. Recombinant HPV virus-like particles (VLPs) are being produced at commercial level
via heterologous expression of the major capsid protein L1 in yeast or insect cells [31]. From the
morphology viewpoint, VLPs are similar to natural HPV virions with considerable potentialities to
induce animal and human type-specific antibody responses [32].

3.1. HPV Preventive Vaccines

Preventive HPV vaccines aim to prevent HPV infection by inducing a neutralizing
antibody response. Improved understanding of protective humoral immune response against primary
HPV infection has led to the development of preventive HPV vaccines targeting L1 and/or L2
viral capsid proteins [33]. Because of the difficulties of in vitro cultivating HR HPVs and their
oncogenic nature, live attenuated or inactivated vaccines could not be safely developed for humans.
Therefore, studies were focused on alternative methodologies as virus-like particles (VLPs). It was
demonstrated that inoculum of VLPs from L1 protein of specific papillomaviruses (PVs) could protect
against PV infection [34].

Development of this technology led to the production of current VLP-based preventive vaccines
targeting L1in order to generate neutralizing antibodies against HPV. Commercially available efficacious
prophylactic vaccines include the bivalent Cervarix (GlaxoSmithKline, Brentford, UK) [35] as well
as multivalent Gardasil-4 and Gardasil-9 (Merck) [36,37]. The recent development of Gardasil-9
has increased preventive coverage from HPV types 6, 11, 16, and 18 to 6, 11, 16, 18, 31, 33, 45, 52,
and 58 [34]. Prophylactic HPV vaccines have been shown to effectively prevent vaccinated individuals
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from contracting HPV infections [38] but these preventive vaccines have not been successful in treating
established HPV infections [39].

More than 10 years have elapsed since HPV vaccination was implemented, and a systematic
review of HPV vaccination programs in 14 countries that included over 60 million people vaccinated
presented evidence of vaccine efficacy [40]. In comparison with the period before vaccine introduction,
the prevalence of cervical precancerous lesions decreased by 51% among girls aged 15-19 years and by
31% among women aged 20-24 years at up to 9 years after vaccination began.

However, there is still an urgent need for the development of therapeutic HPV vaccines to
tackle existing HPV infections, prevent the development of cancer, and act as immunotherapies for
HPV-associated malignancies.

3.2. Therapeutic Vaccines

Many different technologies have been utilized to develop therapeutic vaccines and most of them
target E6 and/or E7 oncoproteins of HR HPV because they are constantly expressed in HPV-associated
cancer [6-8]. It is worth mentioning that the first HPV vaccine administered to women was a live
recombinant vaccinia virus expressing the E6/E7 oncoproteins of HPV types 16 and 18 [41]. Live vector
vaccines employing viruses (Ankara modified vaccine virus, TG4001 Transgene Inc. France) or bacteria
(Listeria monocytogenes, ADXS11-001 Advaxis Inc, Princeton, NJ, USA) are in clinical trials with
promising results (NCT03260023 and NCT02853604, respectively). Nevertheless, live vector-based
vaccines pose potential safety risks, in particular in immunocompromised people [35]. Furthermore,
using the same vector for repeated immunizations leads to a limitation of the immune response [35,38].

Protein- or peptide-based vaccines have been also evaluated and tested in clinical trials with some
interesting outcomes for synthetic long peptide-vaccine in early stages of HPV carcinogenesis [42—-44].
More challenging approaches such as vaccines based on dendritic cell (DC), tumor cells or adoptive
T-cell therapy (ACT) have been developed but they cannot be easily performed and require specialized
clinical centers [45-48]. On the contrary, technologies utilizing DNA or RNA vaccines can be easily
performed and are in advanced clinical trials, as detailed in the following sections.

3.2.1. DNA Vaccines

Nowadays, nucleic acid therapeutics accounts as promising alternatives to conventional
vaccine approaches. Once a DNA vaccine has reached the nucleus of a myocyte, a primary keratinocyte,
or a resident antigen presenting cell (APC), the expressed antigen gene is processed by cell machinery.
Cross or direct priming of DC produces the presentation of the antigen within the class I or II major
histocompatibility complex (MHC) on their surface [49] for immune recognition. However, this process
is much more complex and further studies are needed to ensure that DNA vaccines can activate all the
complex mechanism of co-stimulatory signals that lead to the activation and expansion of CD4+, CD8+,
and naive B-effector cells. In particular, a therapeutic DNA vaccine must be able to generate both a
CD8+ response, which directly kills infected or tumor cells, and a CD4+ helper response, which is able
to increase and maintain the cytolytic response [50].

In addition, DNA vaccines are characterized by ease of production and high stability. Their safety
and use in different administrations without losing their efficacy make them the ideal treatment for the
control of HPV infections and associated diseases [51,52]. DNA vaccines also sustain the expression of
antigens within cells for longer periods of time when compared with RNA or protein-based vaccines.

Many different HPV DNA vaccines have been constructed and proven to be active in pre-clinical
models and few of them are in clinical trials (for review see [21]). In particular, VGX3100 (Inovio
Pharmaceuticals Inc., Plymouth Meeting, PA, USA) is close to be used in humans. VGX-3100 is a
plasmid DNA-based immunotherapy (HPV 16 E6/E7, HPV 18 E6/E7 DNA delivered intramuscularly
by electroporation) under investigation for the treatment of HPV 16 and HPV 18 infection and
pre-cancerous lesions of the cervix, vulva, and anus (Phase II/IIT) (NCT01304524 and NCT03603808) [53].
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Two studies that are currently in phase III (NCT03721978 and NCT03185013) using VGX-3100 against
cervical cancer show promising results.

VGX-3100 has the potential to be the first approved treatment for HPV infection of the cervix and
the first non-surgical treatment for precancerous cervical lesions. VGX-3100 works by stimulating
cellular and humoral responses against HPV 16 and HPV 18 E6/E7 oncogenes.

Another DNA vaccine with potential clinical use is the GX-188E (Genexine, Inc., Seongnam, Korea).
This vaccine consists of a tissue plasminogen activator (tpa) signal sequence, an FMS-like tyrosine kinase
3ligand (FIt3L), and shuffled E6 and E7 genes of HPV type 16/18. FIt3L and tpa are included in the fusion
gene to promote antigen presentation and trafficking of the fused protein to the secretory pathway,
respectively [54]. Recently, GX-188E was described to be highly efficacious in patients with grade 3
cervical intraepithelial neoplasia (CIN3) (NCT02139267) [55].

3.2.2. RNA-Based Vaccines

The use of mRNA has several beneficial features: (i) Safety: there is no potential risk of infection
or insertional mutagenesis; (ii) efficacy: some adjustments make mRNA stable and highly translatable;
(iii) production: mRNA vaccines have the potential for fast, cheap, and scalable production,
essentially because of the high yields of in vitro transcription reactions [56]. RNA-based vaccines
are created using naked RNA replicons derived from alphaviruses to promote antigen-specific
immune response. The replicon-based vectors can replicate in a wide range of cell types, with different
expression of antigens. These RNA replicons are less stable than DNA. A combined approach with
DNA-launched RNA replicon, termed “suicidal” DNA was developed for HPV vaccine in preclinical
models [57]. The anti-tumor properties of some mRNAs expressing oncogene proteins such as E6
and E7 are now known. The therapeutic efficacy of this approach was assessed for TC-1 tumor
lesions, demonstrating that the RNA-vaccine induced CD8 T cells to migrate to the tumor tissue [58].
Up-to-date mRNA-based vaccines are developed by CureVac (Tiibingen, Germany) and represent a
potential new approach in cancer treatment. For the first time, mRNA could be optimized to mobilize
the patient’s immune system to fight cancer with a specific immune humoral and cellular response
elicited by the RNActive® vaccine. CureVac’s RNActive® cancer vaccines (CV9103 and CV9104)
have successfully completed Phase I/Ila clinical studies in prostate cancer and non-small cell lung
cancer [59,60].

Recently, this technology has been used to develop prophylactic vaccines for infectious diseases
such as COVID-19 due to the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [61].
Unfortunately, although the strategy of using RNA is so promising and inexpensive, there is still no
news on clinical trials for HPV-associated diseases.

4. The Role of Adjuvants in Cancer Vaccines

The innate immune system has a key role in triggering an active adaptive T-cell response in the
initial phase of in vivo priming [62]. Thus, many molecules that activate innate immunity and support
T-cell response have been tested as vaccine adjuvants in clinical use. These adjuvants can also operate
as a local depot for antigen protection from degradation [63].

Toll-like receptor (TLR) agonists, (such as CpG, imiquimod and poly I:C, that activate TLR9, and
TLR7 and TLR3, respectively [64]), have been employed, as well as cytokines [65,66] and glycolipid
ligands [67]. TLRs and agonists of CD40 were able to stimulate tumor specific immunity that in turn
elicited cancer regression [68]. Same activity was reported for TLR3 agonists in combination with
Freund’s incomplete adjuvant (IFA) or anti-PD-1 antibodies [69].

Bacteria- such as IFA and Montanide or virus-derived molecules are the most utilized adjuvants.
Bacille Calmette-Guerin (BCG) is utilized as a therapeutic vaccine and its adjuvant activity is mediated
mostly by TLRs. On the contrary, TLR independent adjuvant activity can be elicited by cytosolic nucleic
acids secreted by bacteria. Cyclic dinucleotides (CDNs) may activate stimulator of interferon genes
(STING) that activates TANK-binding kinase 1/interferon regulatory factor 3 (TBK1/IRF3), nuclear factor
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kB (NF-kB), and signal transducer and activator of transcription 6 (STAT6) signaling pathways causing
type 1 Interferon (IFN 1) and proinflammatory cytokine activation in response to deviant host cells
(danger associated molecular patterns, DAMPS) or cytosolic double stranded DNA (dsDNA) from
pathogens [70,71]. Indeed, cancer vaccines with STING agonists were proven efficacious in different
pre-clinical animal models and were shown to induce a marked programmed death ligand 1 (PD-L1)
up-regulation, which was associated with tumor-infiltrating CD8(+) IFNy(+) T cells. A synergistic
activity with PD-1 blockade was demonstrated in poorly immunogenic tumors that were no responder
to PD-1 blockade alone [72]. Association of anti PD-1/PD-L1 antibodies and STING agonists are now
under study in clinical trials (NCT03172936).

Systemic adjuvants are represented by cytokines and monoclonal antibodies. However, conflicting
results were reported in human cancer for cytokines [73-75] or antibodies [76] administration and the
differences in treatment schedule may account for these results that limit their clinical use. In addition,
evidence that a specific cancer vaccine adjuvant is superior to another one is lacking.

Plant extracts are emerging as new adjuvant compounds in cancer vaccines. Nicotiana benthamiana
plant extracts as well as Chlamydomonas reinhardtii, a well-characterized unicellular alga, and hairy root
cultures may display adjuvating activity in cancer vaccines significantly eliciting type 1 helper T cells
(Th1) and cytotoxic T-lymphocyte (CTL) responses [10,11,13,77-79]. Moreover, plant extracts are able
to exert immunomodulatory activity in vitro on DC [12]. Adjuvant activity of plant components has
been also reported in studies on Zera® peptide, a self-assembling domain of the maize gamma-zein
seed storage protein. This peptide is able to target recombinant proteins to endoplasmic reticulum and
to determine their accumulation as protein bodies (PBs). These PBs induce stronger immune responses
compared to the soluble recombinant proteins. Zera® peptide has been either fused or combined
(i.e., mixed) to a harmless shuffled HPV 16 E7 (16E7SH) synthetic protein. Significantly higher humoral
and cellular immune responses to E7 were induced either as ZERA-16E7SH fusion protein or as Zera®
PBs mixture with 16E7SH compared to 16E7SH alone. This effect is supposedly determined by a more
efficient antigen presentation by PBs and suggests that Zera® may act as an adjuvant [80].

Thus, different plant components may exert common potentiating activity on therapeutic vaccines,
which further strengthens the plant-based platforms as useful tools for vaccine preparation.

5. Plant Metabolites Targeting HPV Tumors

Even if significant progress was made against HPV disease through preventive vaccination,
and despite the success of experimental therapeutic vaccines, early and efficient treatment of HPV
cancers is still a challenging issue. For this reason, an active area of research has involved and still
considers plants as a source of potential pharmaceutical agents for treatment of HPV-associated tumors.
A well-known example is genital warts, that can be treated with plant-based anticancer therapies,
such as vincristine, vinblastine, paclitaxel, camptothecin, and podophyllotoxin [81].

Indeed, plant-derived compounds represent about 75% of the whole approved anti-tumor drugs,
as either natural products themselves or as molecules mimicking or directly deriving from natural
sources [82]. In many cases, plant-derived compounds can be considered an abundantly available,
cost-effective source of ingredients. They can be either harvested directly in nature, or obtained from
plant cell cultures.

Many plant-derived compounds possess the specificities of ideal chemopreventive agents, with
no effect on normal cells, bioavailability, multiple mechanisms of action, easy manner of administration
and significant cellular effects in combating oncogenesis, as they may prevent carcinogens from
reaching their targets, inhibit malignant cell proliferation, to modulate tumor suppressing agents and
immune surveillance [83,84].

Moreover, some of them (like polyphenols) have a prominent role in neutralizing
reactive oxygen species, that are well-established messengers in intracellular signaling inducing
oncogenesis and as genotoxic damage inducers [85]. As an example, high levels of 8-OhdG
(8-hydroxy-2’-deoxyguanosine, one of the predominant free-radicals induced in oxidative lesions)
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are specific to cervical carcinogenesis and characteristic of the progression from squamous intraepithelial
lesions (SIL) to invasive carcinoma [86]. In addition, lipid peroxidation and block of antioxidant
functions are seen in patients with several malignant pathologies of the cervix [87,88].

Despite the significant advantages of high specificity and low toxicity of plant-derived compounds
as anti-cancer agents, main drawbacks can be the rapid catabolism and the low bioavailability at the
target site. Combination with existing drugs, to reach synergistic effects, or the use of nanoformulation
of polyphenols, to prevent their degradation, have showed promising results [89].

Phytochemicals, as either purified and characterized entities (i.e., mainly secondary metabolites),
or extracts and mixtures composed by different herbal derivatives, were, indeed, the first compounds
to be used in the search of tools able to tackle cervical cancer even before its etiology was discovered
and since HeLa (HPV 18 positive) cells were developed in 1952 [90,91].

It has been shown that anti-cervical cancer drugs can be found in several ethno-botanical sources
and there is a wealth of plant extracts that were described to have HPV-related effects (for a very
exhaustive list see [92]). Nevertheless, very often these compounds are not widely distributed in
the plant kingdom and not reasonably accessible. In other cases, mixtures have no indication of
effective constituents and their roles in HPV-specific cytotoxicity. Also the potential role of traditional
Chinese medicine has been evaluated by in vitro and in vivo experiments with studies exploring the
mechanisms of action of its active components (reviewed in [93]). All the compounds tested so far
need to be screened further and on a really large scale especially in vivo and in clinical settings to
finally establish their HPV-specific effects in order to establish them as useful, efficacious, cost-effective,
and clinically available therapeutics. Nevertheless, the available studies give a strong idea of the
variety of targets and of the potential of plant-derived compounds against HPV lesions.

In the following sections, some studies describing effects of phytochemicals or extracts on HPV
cancer cells in vitro and in vivo will be described. A particular mention for those directly affecting HPV
E6/E7 activity or displaying adjuvant properties in combination with chemo- or radiation therapies
will be deserved.

5.1. HPV-Related In Vitro and In Vivo Studies Based on Purified Phytochemicals

Several invitro studies mainly focused on purified phytochemicals and, in particular,
on polyphenols, among which mainly flavonoids, as well as on other chemical species such as alkaloids,
polysaccharides and protein-based entities, along with plant extracts (Table 1).
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Table 1. Plant phytochemicals and extracts in relation with their effects on human papillomavirus (HPV) cancer in vitro and in vivo.

8 of 38

Compound Type Phytochemicals Study Type Cell Type Activity Mechanism of Action References
Purified . . S . . Dose- and time-dependent by
Polyphenols (Flavonoids, Black ncs .anct‘)holcyam.z and In vitro Hela In(}ju.‘tn(’;lont .()f prff)hfera:lor.‘l apoptosis induction through [94]
Anthocyanins) cyanidin 3-glucoside and induction of apoptosis Bax/Bcl-2
Dose-dependent apoptosis
X L X Inhibition of proliferation induction through arrest of cell
In vitro and in vivo CaSki and induction of apoptosis cycle in the G1 phase. 93]
Possible gene regulatory role
Inhibition of HPV E6/E7 expression
. Inhibition of proliferation and of estrogen receptor & and
In vitro Hela and induction of apoptosis aromatase by a time-dependent [96,97]
manner mediated by apoptosis
Purified Polyphenols Epigallocatechin-3-gallate TCL-1 - . .
(Flavonoids, C}I;hechins) P (EGCG) i (HPV-immortalized ~ Inhibition of proliferation
Invi cervical epithelial (adenoca.rcmoma less Dose-dependent increased (98]
n vitro cells) responsive to EGCG expression of p53 and p21
Mel8 growth inhibition) and
HeLa apoptosis induction
CaSki Time- and dose- dependent,
In vitro HeLa Suppression of growth possibly via regulating the [99]
C33A expression of miRNAs
Repression of hypoxia- and .
In vitro HeLa serum-induced HIF-1x and Via MAPIEtirJ\iP;SK/AKT [100]
VEGF P y
In vitro SiHa Inhl.bmon .()f prohferatlor} Cell cycl.e arres.t at the G2/M Phase [101]
Nari _ and induction of apoptosis and induction of apoptosis
aringenin
. Inhibition of proliferation =~ Reduced expression of NF-kB p65
In vitro Hela and induction of apoptosis subunit, COX-2, and caspase-1 [102]
Dose-dependent cytotoxicity,
Purified Polyphenols apoptosis, reduction of
(Flavonoids, Flavanones) Naringenin-loaded Inhibition of proliferation intracellular glutathione levels,
nango articles In vitro HeLa and induction of apoptosis alterations in mitochondrial [103]
P and cytotoxicity membrane potential, increased
intracellular ROS and lipid
peroxidation.
Lo A Increased expression of caspases,
Hesperetin In vitro SiHa Reduction in cell viability p53, Bax, and Fas death receptor [104]

and induction of apoptosis

and its adaptor protein
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Compound Type Phytochemicals Study Type Cell Type Activity Mechanism of Action References
G1 phase growth arrest through
: L . . p53-dependent apoptosis and
. CaSki Inhibition of proliferation . .
In vitro . . . increased expression of p21/WAF1, [105]
HeLa and induction of apoptosis Fas/APO-1 and 3
o C33A as/ -1 and caspase-3.
Apigenin Decreased expression of Bcl-2
Modifications in cell
In vitro HeLa motility, inhibition of Interference with gap junctions [106,107]
translocation
o Daidzein In vitro Hela Inhibition of proliferation Cell cycle, Ceu growth, a?d [108]
Purified Polyphenols telomerase activity alterations
(Flavonoids, Flavones) Jaceosidin In vitro SiHa Inhibition of the function of ~ Impairment of binding to p53 and [109]
Caski E6 and E7 oncogenes pRb
.Cask1 . Binding at the interface between
E6/E7 immortalized . .
. . s E6 and E6AP mimicking leucines
In vitro human foreskin E6 inhibition . . . [110]
- in the conserved «-helical motif of
. keratinocytes (HFK) EGAP
Luteolin primary HFKs
TRAIL-induced apoptosis by both
In vivo HeLa Induction of apoptosis extrinsic and [111]
intrinsic apoptotic pathways
. . SiHa . . Suppression of E6 and E7 and
Wogonin In vitro CasKi Induction of apoptosis increase in p53 and pRb [112]
Induction of apoptosis Gzﬁ;{)gi?;z Ciil}llng’iCégr?r;‘fSt,
Quercetin In vitro HeLa Induction of rmt(?chondrlal anti-apoptotic AKT and Bcl-2 [113]
apoptosis -
expression
G2/M phase growth arrest,
Purified decrease of cyclin Bl and CDK1,
. Kaempferol In vitro HeLa Inhibition of proliferation inhibition of NF-kB nuclear [114]
Polyphenols (Flavonoids, . .
Flavonols) translocation, upregulation of Bax
and downregulation of Bcl-2
Apoptosis due to activation of the
Inhibition of proliferation phosphorylation ERK1/2,
Fisetin In vivo/in vitro HeLa and reduction of tumor inhibition of ERK1/2 by PD98059, [115]

growth by apoptosis

activation of caspase-8/caspase-3
pathway
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Compound Type Phytochemicals Study Type Cell Type Activity Mechanism of Action References
Purified Induct ¢ tosi
Polyphenols (Flavonoids, Gallic acid In vitro HeLa nauction ot apoptosis ROS increase and GSH depletion [116]
. . and/or necrosis
Phenolic Acids)
SiHa Inhibition of proliferation,
In vitro Hela induction of autophagy Cathepsin L-mediated mechanism [117]
and apoptosis
In vitro HeLa Supp ression of mvasion Generation of ROS [118]
and migration
Purified Sitia Decrease in the angiogenic meta?lzcljrejts;iae;zrif}ll?;gin of
i Resveratrol .
POlyphe;‘i’lfe(::)Vonmds’ In vitro S:SLQ activity, induction of AKT and ERK1/2, destabilization [119]
autophagy of lysosomes, increased cytosol
C33A .
translocation
SiHa
In vitro HeLa Inhibition of proliferation Induction of cell apoptosis [120]
C33A
Sensitization to tumor necrosis
In vitro HeLa Inhibition of proliferation ~ factor-related apoptosis-inducing [121]
ligand (TRAIL)
Down-regulation of HPV-18
transcription, inhibition of AP-1 [122]
binding activity and reversion of
the expression of c-fos and fra-1
Hela Inhibition of proliferation gy nregulation of viral oncogenes
Curcumin (diferuloylmethane) In vitro 2131;2 indud;onh E6 and E7, NF-kB and AP-1 COX-2, [123-125]
Purified Ot apoptosis iNOS and cyclin D1
Polyphenols Upregulation of Bax, AIF, release
(Curcuminoids) of cytochrome c and [126]
downregulation of Bcl-2, Bcl-XL,
COX-2,iNOS and cyclin D1
Apoptosis through activation of
S oo hea  Cpeoapelienive | ageesinColiale
1,5-Bis(2-hydroxyphenyl)-1,4-pentadiene- Tone CaSki pop uemng wi-reg

potential.

HPV16 E6 and E7 oncogene
expression.
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Table 1. Cont.
Compound Type Phytochemicals Study Type Cell Type Activity Mechanism of Action References
Methylenedioxy lignan In vitro Hela Inhibition of prohf.eratmn Apoptosis and 1nh1.b1't10n of [128]
Purified and apoptosis telomerase activity
Polyphenols (Lignans .
P (Lig ) Nor-dihydro-guaiaretic acid In vitro SiHa Promotion of apoptosis Downregqlat}on of HPV E6 a.nd E7 [129]
transcription and expression
HelLa
‘Punfled. Tanshinone IIA In vitro SlHa. Inh1b1.t1on of growth. Downregulgtlon of HPV E6 and E7 [130]
Diterpenoids CasKi promotion of apoptosis expression, cell cycle arrest
C33A
Reduced expression of E6 and E7
HeLa Inhibition of growth with nerease n p53 and pRb [131]
Purified expression, loss of telomerase
uriii i i rotein, h\TERT
Alkaloids Berberine In vitro p
Alter epigenetic modifications and
SiHa disrupt microtubule network by [132]
targeting p53
Purified Withaferin A In vitro CasKi Promotion of apoptosi E6 and E7 repression [133]
Steroid Lactones ¢ S © Ot apoplosis pressio o
Purified D .
Pyranocoumarin ecursin In vitro Hela Promotion of apoptosis Induction of TRAIL expression [134]
Decursinol
compounds
Polysaccharides fractions From Solanum nigrum In vitro and in vivo U14 ?ro?n.ot.lon of apoptosis and CD4*/CD8* ratio modification [135]
inhibition of tumor growth
. . Upregulation of p21 and p27 and
. . . Promotion of apoptosis and . . . ;
Lectins From Astragalus mongholicus In vitro Hela . . . reduction of active complex cyclin [136]
Antiproliferation -
E/CDK2 kinase
Induction of DNA damage and G2
arrest, inactivation of the
From Triticum aestivum In vitro HeLa Antiproliferation CDKI1-cyclin Bl complex and [137]
increase of active chk1 kinase
. . expression
Peptide fractions
Induction of apoptosis; generation
From Abrus precatorius of ROS, decrease of Bcl-2/Bax ratio, [138]

induction of mitochondrial
permeability transition
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Table 1. Cont.
Compound Type Phytochemicals Study Type Cell Type Activity Mechanism of Action References
Fractionated extract of
Bryophyllum pinnata Hela Inhibitory action on AP-1 and
(Bryophyllin A) In vitro SiHa Anti-HPV activities STATS and specific [139-141]
Crude extract of Phyllanthus Cask downregulation of expression of
emblica fruits and Brucea y viral oncogenes E6 and E7
javanica oil emulsion
Lipid-soluble Rhi tract Caski I d ion of C -8
ipid-soluble Rhizome extrac In vitro HeLa Promotion of apoptosis ncreased expression of Caspase-8, [142]
of Pinellia pedatisecta Caspase-3, Bax, p53, p21
HBL-100
Basant
(curcumin, purified saponins, o .
extracts of Emblica officinalis, In vitro HeLa Anti-HPV activities Inhibition of transdl{ctlon of [143]
. . HPV16 pseudovirus
E Mentha citrata oil, and gel
xtracts
extracts of Aloe vera)
Dose-dependent mechanism by
down-regulation of the E6 and E7
Apoptosis induction and viral oncogenes.
cytotoxic effects in cervical ~ Apoptosis induction exclusively
Cudrania tricuspidata stem SiHa cancer cells with no based on the increase of mRNA
extra(’:g ¢ In vitro HaCaT human cytotoxic effect on HaCaT  expression of extrinsic factors (i.e., [144]
normal keratinocytes keratinocytes at Fas, death receptor 5 and TRAIL)
concentrations of 0.125-0.5 and on activation of
mg/mL. caspase-3/caspase-8 and cleavage
of poly (ADP-ribose) polymerase
(PARP)
. o Downregulation of the expression
Ficus carica fruit latex In vitro CaSki Inh1b1t19n of growth and of p16 and HPV onco-proteins [145]
Hela invasion

E6, E7
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Polyphenols are a heterogeneous group of chemical substances known to have safe preventive
and anticancer effects and ability to specifically target viral oncogenes [146]. It is indubitable that they
are of great interest as pharmaceutical agents also against cancers with viral etiology like HPV. As an
example of the interest of application of this class of molecules against cancer, the effects of different
polyphenols against oral squamous cell carcinoma (both HPV+ and HPV-) has been reported in a
wealth of literature (reviewed in [147]).

Anthocyanins (polyphenols, flavonoids) are mainly encountered in berries, currants, eggplant,
grapes, and black rice. The feature of anthocyanins, as many tumor cells growth inhibitors, is related to
their ability to induce tumor cells apoptosis and neutralize ROS [148]. In particular, anthocyanin from
black rice and cyanidin 3-glucoside were found able to block the growth of HeLa cells by apoptosis
mediated by Bax/Bcl-2, through a dose- and time-dependent mechanism [94].

(-)-Epigallocatechin-3-gallate (EGCG) (polyphenols, flavonoids, cathechins) extracted from
green tea, can contrast tumor cell growth interfering with tumor-related angiogenesis and propensity
to metastasize. EGCG was demonstrated also to have a possible gene regulatory role. In the case
of HPV, it was shown in vitro that CaSki (HPV 16 positive) cervical cancer cells are guided to apoptosis
by EGCG with cell cycle arrest in the G1 phase. Furthermore, in vivo anti-HPV tumor effects of EGCG
were also observed [95].

The mechanism found for EGCG suppression of HPV-related cancer cell lines is the inhibition
of HPV E6/E7, estrogen receptor «, and aromatase expression by apoptosis in a time-dependent
manner [96,97]. Indeed, a critical role of estrogens in cervical cancer is known [149]. It was also
demonstrated that different responses were found in squamous cell carcinoma and in adenocarcinoma,
the latter being less responsive to EGCG inhibition [98]. In HeLa cell line, E