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Virus against virus: strategies for using adenovirus vectors
in the treatment of HPV-induced cervical cancer
Momeneh Ghanaat1, Nasser Hashemi Goradel2, Arash Arashkia3, Nasim Ebrahimi4, Sajjad Ghorghanlu2, Ziba Veisi Malekshahi2,
Esmail Fattahi5, Babak Negahdari2 and Hami Kaboosi1

Although most human papillomavirus (HPV) infections are harmless, persistent infection with high-risk types of HPV is known to be
the leading cause of cervical cancer. Following the infection of the epithelium and integration into the host genome, the oncogenic
proteins E6 and E7 disrupt cell cycle control by inducing p53 and retinoblastoma (Rb) degradation. Despite the FDA approval of
prophylactic vaccines, there are still issues with cervical cancer treatment; thus, many therapeutic approaches have been developed
to date. Due to strong immunogenicity, a high capacity for packaging foreign DNA, safety, and the ability to infect a myriad of cells,
adenoviruses have drawn attention of researchers. Adenovirus vectors have been used for different purposes, including as oncolytic
agents to kill cancer cells, carrier for RNA interference to block oncoproteins expression, vaccines for eliciting immune responses,
especially in cytotoxic T lymphocytes (CTLs), and gene therapy vehicles for restoring p53 and Rb function.
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INTRODUCTION
Cervical cancer is the fourth most common cancer in women
and the seventh most common cancer worldwide [1]. According
to the global cancer observatory (GLOBOCAN) report in 2018,
there were an estimated 570,000 new cases and 311,000
deaths from cervical cancer [2]. Unfortunately, cervical cancer
affects young women and is the most common gynecologic
malignancy in women under 35 years of age [3]. Although
the incidence and mortality rates of cervical cancer have
declined over the last few decades [2], several studies have
indicated that socioeconomic levels play an essential role in the
incidence, survival, and mortality rates of cervical cancer [4].
Approximately 90% of cervical cancer deaths occur in low-
income and middle-income countries [5] due to several factors,
including ineffective and inadequate treatment, poor hygiene
conditions [6–8], and the absence of preventive [9] and
screening programs [10].
Infection with human papillomavirus (HPV) is the most common

cause of cervical cancer [11]. According to the International HPV
Reference Center, the HPV family consists of 202 different
genotypes [12]. HPV genotypes are categorized into two groups
based on their ability to lead to malignancy: low-risk types,
including HPV-6, 11, 40, 42, 43, 44, 54, 61, and 72, and high-risk
types, including HPV16, 18, 31, 35, 39, 45, 51, 52, 56, 58, 66, and 68.
While low-risk types are responsible for genital warts, high-risk
types are associated with 99.7% of cervical cancer cases [13].
It has been demonstrated that HPV16 and 18 are the most
carcinogenic genotypes [14]. Due to the carcinogenesis of HPV,

various approaches have been developed for the prevention and
treatment of HPV-induced cervical cancer. During the last two
decades, adenovirus vectors have been developed as an effective
tool in cancer therapy, and many clinical trials have been
conducted or are in progress. In this review, we will discuss the
tumorigenic mechanisms of HPV, therapeutic strategies for
cervical cancer, and finally, how adenoviruses (Ads) are applied
in cervical cancer therapy.

HPV STRUCTURE AND CERVICAL CANCER PATHOLOGY
HPV genome and life cycle
HPVs are small (50–60 nm), nonenveloped, double-stranded
DNA viruses with a genome size of ~8 kb belonging to the
family Papillomaviridae [15]. The genome of HPV includes three
regions: (a) the early region, which encodes three regulatory
proteins (E1, E2, and E4) and three oncoproteins (E5, E6, and
E7); (b) the late region, which encodes two structural
proteins (L1 and L2); and (c) regulatory regions for HPV DNA
replication and transcription, which are controlled by a long
control region [16].
Although most sexually active women are infected by HPV,

the majority of HPV infections are transitory and cleared by
the immune system. However, HPV infection can persist in
some women and develop into cervical intraepithelial neoplasia
(CIN) and cancer [17–19]. CIN is a precancerous lesion, and
depending on its grade, it is classified as CIN1, CIN2, and
CIN3 [20]. Although CIN1 is considered a low-grade squamous
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intraepithelial lesion and 70%–80% of CIN1 lesions sponta-
neously become undetectable or regress without treatment
[21, 22], CIN2 and CIN3 are high-grade SILs that can lead to
invasive cervical cancer [23].
Following microwounds in the skin, oropharyngeal areas, and

genital organs, HPV virions attach to basal epithelial cell
receptors via capsid proteins [24]. The initial attachment of the
capsid protein L1 to a cell surface receptor, heparan sulfate
proteoglycans facilitate conformational changes of the capsid
protein L2 [25, 26], subsequently resulting in L2 cleavage at the
furin cleavage site, which is conserved among all HPVs [27].
After binding to the receptor, HPV virions are internalized into
cells by clathrin/caveolar-mediated endocytosis [28, 29]. Once
the viral genome enters the nucleus, viral DNA replication starts
and generates a low-copy-number (50–100 copies/cell) genome.
Following the differentiation of daughter cells, the viral genome
is amplified concomitant with increasing E1 and E2 replication
protein levels [30]. L1 and L2 capsid proteins are expressed in
the terminally differentiated layer of the epithelium, viral
particles are assembled and released, and the life cycle is
repeated. Although the integration of HPV DNA into the host cell
is not a part of the normal life cycle of the virus, high-risk HPV
DNA is often incorporated into the host cell genome [31–33].
Integration of high-risk HPV DNA may result in the mutation
and/or deletion of both host and viral genes [34–36]. Since the
viral E2 protein acts as a transcriptional repressor of E6 and E7
and viral DNA integration disrupts the E2 sequence, and the
deletion of E2 leads to increased expression of E6 and E7
[37, 38]. The overexpression of the E6 and E7 oncoproteins
causes the deregulation of the cell cycle and several pathways,
leading to carcinogenesis.

HPV oncoproteins
HPV E5 oncoprotein. Although E6 and E7 are known as the main
oncoproteins of high-risk HPVs, it has been demonstrated that E5
also contributes to tumor progression and can augment the
transforming activities of E6 and E7 [39]. Figure 1 shows the
carcinogenic properties of the HPV E5 oncoprotein related to
enhanced proliferation signaling. HPV E5 is a small (83 amino
acids) and highly hydrophobic protein with unclear subcellular
localization [40]. Due to its involvement in channel formation, HPV
E5 is classified as a family of channel-forming viral membrane
proteins called viroporins, which modulate ion homeostasis, virion
production, vesicle trafficking, and viral genome entry [41]. It has
been demonstrated that the transforming ability of HPV E5 is
related to the modulation of epidermal growth factor receptor
(EGFR) signaling. HPV E5 binds and inhibits the 16K subunit
activity of the vacuolar H+-ATPase (v-ATPase), which alters the
endosomal acidification process and degradation of EGFR, leading
to EGFR recycling to the plasma membrane and increased EGFR
expression [42]. HPV E5 can also delay and inhibit the degradation
of EGFR by interfering with fusion between early and late
endosomes [43] and preventing the ubiquitination of activated
EGFR [44]. Furthermore, HPV E5 activates mitogen-activated
protein kinase (MAPK) signaling in EGF-dependent and EGF-
independent manners [45]. Once activated, MAPKs translocate
into the nucleus and elicit many alterations in the expression
profile of cells by phosphorylating different transcription factors
[40]. HPV E5 also mediates the immune evasion of the virus by
downregulating major histocompatibility complex class I (MHC I),
which reduces viral epitope recognition by CD8+ T cells [46, 47].
Moreover, HPV E5 can modulate apoptosis induced by Fas ligand
(FasL) and TRAIL [48]. Figure 2 shows the carcinogenic properties

Fig. 1 Carcinogenesis property of HPV E5 oncoprotein through enhancing proliferation signaling.
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of HPV oncoproteins through impairing apoptosis and enhancing
the progression of the cell cycle.

HPV E6 oncoprotein. HPV E6 protein is a 160-amino acid protein
with two zinc-binding motifs that is associated with HPV-related
malignancies [49]. The most important role of the HPV E6
oncoprotein is the degradation of p53, a tumor suppressor
protein. The E6 oncoprotein binds to a short leucine consensus
sequence (LxxLL) within ubiquitin ligase E6-Associated Protein (E6-
AP), and the E6/E6AP heterodimer targets p53 for proteasomal
degradation [50]. The HPV E6 oncoprotein can also interfere with
cellular apoptosis by accelerating the degradation of the
proapoptotic protein procaspase 8 (CASP8) [51, 52], preventing
the entrance of BAK proteins into the mitochondria [53], blocking
the Fas/FasL pathway [54], binding to tumor necrosis factor
receptor 1 (TNFR1) and inhibiting TNFR1-mediated apoptosis [55].
Furthermore, the HPV E6 oncoprotein can deregulate the cell cycle
by overcoming its checkpoints. For example, the E6-AP-E6-p53
pathway downregulates miR-34a expression, resulting in p18Ink4c

upregulation and entrance into S phase [56, 57]. E6 can inactivate
the p300/CBP complex, a transcriptional coactivator, which is
crucial for regulating differentiation and cell cycle progression

[58, 59]. To persist in the host epithelium, the E6 oncoprotein
decreases the immune response against HPV by downregulating
the responses of Interferon α [60], Interferon β [61], and Interferon
κ [62]. Another transforming ability of the E6 protein is related to
inducing unlimited cell proliferation by enforcing the expression
of human telomerase (hTERT) via the degradation of X-box
binding 1–91 (NFX1-91), an hTERT transcriptional repressor [63],
and the activation of the hTERT promoter [64]. Moreover, E6
contains a PDZ-binding domain (PBM) that mediates its binding to
cellular proteins containing PDZ domains, such as Dlg, MAGI-1,
and Scribble, leading to their proteolytic degradation and
enhancing cell invasion [65].

HPV E7 oncoprotein. The HPV E7 protein is a small (~100 amino
acids) acidic protein [66]. The N-terminal sequence of the E7
protein is similar to the domains of the adenovirus E1A protein
and simian vacuolating virus 40 large tumor antigen (T Ag) and is
designated conserved regions 1 and 2 (CR1 and CR2) [67]. The
major transforming characteristic of HPV E7 is its interaction and
the inactivation of the retinoblastoma (Rb) tumor suppressor
protein pRB by its conserved Leu-X-Cys-X-Glu (LXCXE) motif in the
CR2 domain [68]. Following the E7 interaction, pRB is degraded by

Fig. 2 The carcinogenesis properties of HPV oncoproteins through impairing apoptosis and enhancing progression of the cell cycle.
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cullin 2-containing E3 ubiquitin ligases, resulting in the release of
the E2F transcription factor and enhancing cell proliferation [69].
The HPV E7 oncoprotein also induces unchecked cell proliferation
by inactivating the cyclin inhibitors p21 and p27, proteins that
tightly regulate cellular proliferation [70]. Similar to the E6 protein,
E7 can interfere with interferon signaling [71, 72]. It has been
shown that both the E6 and E7 oncoproteins promote angiogen-
esis by downregulating the expression of maspin and thrombos-
pondin-1, acting as angiogenic inhibitors, and upregulating the
expression of IL-8 and vascular endothelial growth factor (VEGF)
[73]. Angiogenesis is a cancer hallmark that provides nutrients and
oxygen to tumor cells [74–76].

THERAPEUTIC STRATEGIES AGAINST HPV
There are three approved HPV preventive vaccines based on HPV
L1-derived virus-like particles: Gardasil, Gardasil 9, and Cervarix
[77]. Moreover, prophylactic vaccines based on L2, especially
based on the conserved N-terminal region, are being developed.
For example, adenovirus vectors have been designed to carry L2
protein epitopes from different HPV types as a preventive vaccine
to induce neutralizing antibodies (NABs) against HPV infection
[78, 79]. Due to the low immunogenicity of L2-based vaccines,
using adjuvants such as monophosphoryl lipid A and alum can
enhance immune responses [79]. Although approved prophylactic
vaccines have shown great success and reduced HPV infections
and HPV-related diseases [77, 80], they are insufficient in cases of
existing infection and are not very cost-effective [77, 81]. Thus,
several therapeutic approaches have been developed for the
control and eradication of established HPV infections. The majority
of therapeutic vaccines are based on oncoproteins E6 and E7 to
deliver them to antigen-presenting cells (APCs) to activate HPV
antigen-specific CD8+ cytotoxic T cells (CTLs) or CD4+ helper
T cells [82].
Biotherapeutic approaches against HPV are mainly based on

peptides/proteins, nucleic acids, whole cells (dendritic cells (DCs)
and tumor cells), and live vector vaccines. Peptide-/protein-based
vaccines are peptide segments containing epitopes or antigenic
proteins themselves. Although these vaccines are safe, stable, and
easy to produce, they require adjuvants and have reduced
immunogenicity [83]. Most protein-based vaccines are presented
through MHC II, which induces the production of antibodies
instead of CTL responses [84]. In nucleic acid-based vaccines, DNA-
or RNA-encoding sequences of target antigens are inserted into
disabled vectors. Compared to DNA-based approaches, RNA-
based vaccines have lower stability [82]. While both DNA- and
RNA-based approaches lead to sustained antigen expression for a
longer duration, RNA-based vaccines are safer due to the low risk
of chromosomal integration [85]. In the case of whole cell-based
vaccines, DCs are loaded with HPV antigens ex vivo and
subsequently delivered to the infected host [86–88]. Although
this approach is expensive and labor intensive, it induces robust
immune responses as DCs act as natural adjuvants [89]. In tumor
cell-based vaccines, tumor cells are isolated and manipulated to
express immune-modulatory molecules [90, 91]. In the vector
platform, live vector-based vaccines are classified as bacterial and
viral vectors. Although live vectors produce strong humoral and
cellular immune responses [92], preexisting immunity against
vectors and safety risks for immunocompromised individuals are
the main challenges in their application in the area of cancer
treatment [93, 94].

ADENOVIRUS STRUCTURE, BIOLOGY, AND VECTORS
Adenoviruses (Ads) are large (~150 nm), nonenveloped, double-
stranded DNA viruses with a genome size of ~36 kb [95] that
encode four early (E1, E2, E3, and E4) and five late (L1-L5) genes
[96]. The capsid of Ads comprises three major proteins (hexon,

penton base, and fiber) and four minor proteins (IIIa, VI, VIII, and
IX) [97]. There are 57 different serotypes of human Ad (HAd)
divided into seven species (A–G) [98]. Coxsackievirus-Ad receptor
(CAR) is the main receptor for the A, C, E, and F species, while
desmoglein-2, CD46, CD80, and CD86 are alternative receptors for
the B and D species [96]. To infect cells, the fiber knob domain of
Ads interacts with cell surface receptors, and the virus internalizes
into the cell through the binding of the arginine-glycine-aspartic
acid (RGD) motif on the viral penton base to cellular integrins,
mainly αvß3 and αvß5 [99]. Following the internalization and
degradation of the viral protein coat, the early and late genes of
Ad are transcribed in the host cell nucleus, leading to virus
assembly and release from the cell.
One of the most important disadvantages of using Ads is

preexisting antibodies against them due to their prevalence in the
general population [100], hindering the utility of Ads derived from
prevalent serotypes [101]. Different approaches have been
developed to address this challenge, including coating Ads with
polymers and using cellular carriers [102]. For example, O’Riordan
et al. reported that shielding Ad with polyethylene glycol (PEG)
could protect Ads from NABs while retaining infectivity [103].
However, there are significant advantages to using adenovirus
vectors; their strong immunogenicity makes them as ideal
candidates for applications in vaccination and oncolysis [104]. In
addition, since most human cell primary receptors for Ads are
integrin receptors, they can transduce and infect different cell
types, including both dividing and nondividing cells [105, 106]. In
terms of safety, Ad vectors are maintained as episomal DNA and
do not integrate into the host genome [106]. Although common
Ad vectors can deliver transgenes up to 8 kb in size [107], the
newer generation of Ad vectors has the capacity for the delivery of
foreign genes up to ~37 kb [108]. Figure 3 shows the structure of
different adenovirus vectors. These advantages led to the
approval of two Ad-based vectors by the Chinese state FDA (Food
and Drug Administration) for head and neck malignancy,
including Gendicine, a recombinant Ad expressing p53 (Ad5RSV-
p53) [109], and Oncorine (H101), an oncolytic Ad vector (E1B-55K/
E3-deleted) [110].

USING ADENOVIRUSES IN CERVICAL CANCER THERAPY
Today, several clinical trials are ongoing for the treatment of
cervical cancer using various therapeutic agents. For example,
VB10.16, a potent therapeutic DNA plasmid vaccine, was designed
to deliver HPV16 E7/E6 to patients with HPV 16-positive cervical
cancer to induce strong immune responses (NCT04405349).
Although there are no clinical trials regarding the use of
adenovirus vectors in the treatment of cervical cancer, we discuss
different strategies for using these vectors in the treatment of
HPV-induced cervical cancer below, including the use of oncolytic
Ads, gene therapy for restoring p53 and Rb, eliciting immune
responses (especially CTLs), and carriers for RNA interference to
block oncoproteins expression (Fig. 4).

Oncolytic adenovirus
Oncolytic Ads are engineered to replicate in and kill cancer cells
selectively. Once the infected tumor cell is lysed, released virus
progenies infect neighboring cancer cells, and the bloodstream
may also help virions reach distant metastases [111]. Oncolytic
Ads also induce immune responses against tumor cells by
releasing tumor-related antigens [99]. Bauerschmitz et al. con-
structed an Ad5‐Δ24RGD oncolytic virus, which could selectively
replicate in cervical cancers defective in the Rb‐p16 pathway and
infect integrin-upregulated cancer cells. They indicated that the
intratumoral injection (IT) of oncolytic Ads significantly reduced
tumor growth in a murine model of cervical cancer. They also
demonstrated the therapeutic benefit of the intravenous (IV)
delivery of Ad5‐Δ24RGD. Although biodistribution analysis
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detected viral tropism toward the liver, spleen, lungs, heart, and
kidney 18 h after IV delivery, there was no replication of Ad5‐
Δ24RGD in human peripheral blood mononuclear cells, revealing
its safety [112]. Oncolytic Ad expressing a p53 variant, which is
resistant to degradation by the E6 oncoprotein, enhances the
efficacy of oncolytic Ads against cervical carcinoma cells and HPV-
immortalized keratinocytes up to 1000-fold [113]. Oncolytic Ads
can also enhance the therapeutic efficacy of conventional cancer
therapy agents. Yoon et al. investigated Ad-ΔE1B55 and Ad-
ΔE1B19/55 therapeutic effects in combination with cisplatin. They
showed that in vitro cell cytotoxicity, cell killing, and apoptosis
induction with the combination of the double-deleted Ad Ad-
ΔE1B19/55 along with cisplatin was greater than that of the single-
deleted Ad Ad-ΔE1B55 plus cisplatin. The IT injection of oncolytic
Ads and intraperitoneal administration of cisplatin 24 h later in a
human cervical xenograft model led to a reduction in tumor size;
the greatest effect was reported in the Ad-ΔE1B19/55 plus

cisplatin group with an ~96% reduction in tumor size, and after
60 days, all of the animals in the Ad-ΔE1B19/55 plus cisplatin
group were alive. These beneficial effects could be related to the
induction of apoptosis by chemotherapy agents that have
augmented viral distribution [114]. Mechanistically, Ad particles
are included in or associated with apoptotic bodies due to
treatment with a chemotherapy agent, which are phagocytosed
by neighboring cells; thus, the phagocytosis of apoptotic bodies
augment viral spread and distribution [115]. In another study, E1A-
deleted and HPV16 E2-expressing oncolytic Ad (M5) was able to
deplete HPV16 E6 and E7 oncoproteins in cervical cancer cells
and an in vivo murine model due to negative effects of E2 on
the transcription of E6 and E7 oncogenes and proapoptotic
characteristics of the HPV E2 protein. The IT injection of M5 also
inhibited tumor growth better than the IT injection of Adv5/dE1A.
A combination of M5 with radiation led to synergic antitumor
effects both in vitro and in vivo. Radiation increased viral yields by
enhancing Ad uptake [116], which might have been due to
inducing changes at the cell surface, cytoplasm, and nucleus [117].
M6, an oncolytic Ad carrying an antisense sequence against HPV
16 E6/E7, significantly improved the survival of tumor-bearing
mice in combination with radiotherapy, inhibited the expression
of the E6 and E7 oncogenes and induced apoptosis in HPV 16-
positive cervical cancer cells [118].

Targeting the expression of oncoproteins
As discussed above, the oncoproteins E5, E6, and E7 are the
major players in HPV-induced cervical tumorigenesis through
different mechanisms. Thus, they are the most effective targets
in the therapeutic approach. Antisense RNAs, as a type of
noncoding RNA (ncRNA), are small (19–23 nucleotides) DNA
transcripts that complement mRNA and are used for regulating
gene expression at multiple levels [119]. Hamada et al. used a
recombinant adenoviral vector to introduce antisense tran-
scripts of the E6 and E7 oncogenes of HPV16 into cervical cancer
cells. They detected HPV 16 E6/E7 antisense RNA for 14 days in
Ad5CMV-HPV 16 AS-infected CaSki cells. Ad5CMV-HPV 16 AS
inhibited the growth of cervical cancer cells, decreased E6 and
E7 expression, and increased p53 and pRb expression. Morpho-
logical changes, as well as TUNEL assays and flow cytometry
analysis, demonstrated that the infection of SiHa cells with
the Ad5CMV-HPV 16 AS at an MOI of ten induced apoptosis.

Fig. 3 Genome structure of adenovirus serotype 5 and different generations of adenovirus vectors. The adenovirus genome encodes early
(E) and late (L) genes in which the E1A protein, an immediate early protein, induces the expression of delayed early proteins, including E1B,
E2A, E2B, E3, and E4. In first-generation adenovirus vectors, the E1 and E3 regions were deleted, and in the second generation, E1, E2, E3, and/
or E4 were deleted. Helper-dependent adenovirus vectors only contain inverted terminal repeats (ITRs) and packaging signals. Oncolytic
vectors are another class of adenovirus vectors. For example, Delta-24 vectors with a deletion in the E1A region replicate in and lyse tumor
cells with a defect in the pRB pathway.

Fig. 4 Different strategies for using adenovirus vectors in the
treatment of HPV-induced cervical cancer. Oncolytic Ads infect
tumor cells and lyse them, leading to cell disruption and the release
of molecules that induce immune responses against cancer. Ads
have also been used to deliver tumor suppressor genes, such as p53
and Rb, to restore their normal function in cancer cells. E6- and E7-
expressing Ads can enhance immune responses, especially CTLs,
against these oncoproteins. The incorporation of antisense RNAs
and microRNAs (miRNAs) against oncoproteins in Ad vectors and
introduction into cervical cancer cells can block the expression of
the HPV oncoproteins E6 and E7.
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Ad5CMV-HPV 16 AS also inhibited tumor growth by 84% in a
tumor-bearing nude mouse [120].
MicroRNAs (miRNAs) are other types of ncRNAs consisting of

21–25 nucleotides and regulate gene expression by blocking
mRNA translation [80]. Bonetta et al. directed artificial miRNAs
against HPV16/18 E6 using recombinant Ad vectors (Ad16 and
Ad18). They observed E6 knockdown in HeLa and SiHa cell lines
after treatment with Ad18 and Ad16, respectively. Furthermore,
the level of the p53 tumor suppressor was increased, and the
expression of miRNAs against E6 led to cell death in both cell lines.
Mechanistically, E6 knockdown through miRNA-expressing Ads
induced cell death by activating the intrinsic pathway of
apoptosis. Moreover, the daily IT injection of 5 × 109 pfu miRNA-
expressing Ad (Ad18) in HeLa-bearing nude mice for 5 days
resulted in a significantly reduced tumor size and improved the
survival of mice 8 weeks postinjection [121]. This group also
developed a high-affinity bivalent ligand expressing Ad (Ad-PDZ-
LxxL) to specifically target E6 of all high-risk HPVs. The construct
was able to induce the death of HPV-positive cells, increase levels
of p53 and its transcriptional target p21, and induce apoptosis by
restoring p53 [122].

Inducing immune responses (with a vaccine)
Several strategies have been developed to induce robust immune
responses against E6 and E7. The majority of immunotherapies
aim to efficiently deliver E6 and E7 oncoproteins to APCs to
activate HPV antigen-specific CTLs or CD4+ helper T cells, which
can reduce and prevent tumor growth [81]. The goal of most
approaches to induce immune responses is activating and
enhancing CD8+ T cell immunity, which plays an essential role
in the clearance of virus-infected cells.
Since both E6 and E7 oncoproteins are dominant at different

stages of tumor development, most therapeutic approaches have
targeted both oncoproteins. Cuburu et al. evaluated the efficacy
of Ad vectors expressing HPV16 E6 and E7 fusion oncoproteins
in inducing CD8+ T cell responses following prime-boost
immunization via homologous or heterologous routes combining
the intravaginal (Ivag) and intramuscular (IM) routes. Due to the
induction of NABs against the Ad capsid, they used alternative
Ad26 and Ad35 serotypes to allow the comparison of the route of
injection without NAB interference. They indicated that the most
promising administration order for inducing higher circulating and
cervicovaginal-resident CD8+ T cell responses was IM prime
followed by Ivag boost, whereas the order of serotype usage did
not significantly affect the magnitude of CD8+ T cell responses.
Furthermore, immunization with Ad35 IM prime/Ad26 Ivag boost
induced E6- and E7-specific polyfunctional cytokine-secreting
CD8+ T cells [123]. In contrast to HPV pseudovirions that require
the disruption and permeabilization of the epithelium to infect
basal cells [124], Ad vectors are able to transduce the intact
cervicovaginal epithelium, which might be due to the expression
of attachment factors and Ad-specific receptors [123] and can lead
to the disruption of tight junctions and subsequent spread of viral
particles [125]. In addition, it has been shown that E6- and E7-
expressing Ads do not exhibit systematic toxic responses in
primates [126].
Because of its better characterized immunological properties,

therapeutic vaccines have been developed to elicit immune
responses against E7 than against E6. Jin et al. used E7- and IL-12-
expressing Ads (AdE7 and AdIL-12) to measure their antitumor
effects against the TC-1 tumor model in mice. The IT coadminis-
tration of AdE7 and AdIL-12 showed significant antitumor effects,
including reduced tumor size, higher levels of INF-γ and E7-
specific antibodies, and more T helper cell proliferation than single
treatment with either AdE7 or AdIL-12. Since only the AdE7 and
AdIL-12 coadministration groups exhibited CTL responses, it could
suggest that the majority of tumor suppression effects were
mediated by CD8+ T cells [127]. In another study, Ahn et al.

investigated the utility of AdIL-12 as an adjuvant for the
HPV16 E7 subunit vaccine in an HPV16 E6/E7-associated cervical
cancer mouse model. Combined injection using AdIL-12 plus
E7 significantly reduced tumor size and enhanced IFN-γ produc-
tion from E7-specific CD8+ T cells, suggesting that AdIL-12 plus E7
enhanced immune responses against tumors by increasing CTL
expansion [128]. The enhanced immune response through
coadministration might be due to IL-12 effects on the maturation
of TH1 cells and CTLs [129] and the promotion of IFN-γ production
by NK cells [130]. Gumez-Gutierrez et al. designed an Ad vector
expressing a calreticulin (CRT)-HPV16 E7 fusion protein (Ad-CRT/
E7) to test its prophylactic and therapeutic effects in an E7-
expressing mouse cervical cancer model. In the prophylactic
strategy, challenging mice with TC-1 cells one week after
immunization with Ad-CRT/E7 led to complete protection against
tumor growth, whereas immunization with AdE7 only protected
20% of mice. In the therapeutic strategy, vaccination with Ad-CRT/
E7 significantly increased E7-specific T cell proliferation, IFN-γ
production, and cytotoxic activity [131]. It has been demonstrated
that CRT enhances MHC I presentation by delivering peptides into
the endoplasmic reticulum [132, 133]. In addition, to enhance the
efficacy of DC-based vaccination against HPV16-induced cervical
cancer, Tillman et al. used bispecific antibodies to retarget
AdE7 toward CD40 on DCs due to the CAR deficiency of DCs.
They indicated that targeting DCs with AdE7 efficiently
initiated antigen-specific immunity and CD8+ T cell responses
toward HPV16 E7-expressing tumors. Furthermore, targeted DCs
significantly reduced tumor growth and extended the survival
of mice [134].
In addition to the E6 and E7 oncoproteins, other HPV proteins

have also been applied to increase immune responses
against HPV-induced cervical cancer. For example, it has been
reported that the IM injection of HPV16 E5-expressing Ads
reduces tumor growth by eliciting CD8+ T cell but not CD4+ T
cell responses [135]. Furthermore, E1/E2 from cottontail rabbit
papillomavirus (CRPV) expressed by an Ad vector has been
shown to induce strong immunity against CRPV infection in
rabbits [136].

Gene therapy
Gene therapy is the delivery of genetic material into target cells to
express it correct abnormalities and have a therapeutic effect. One
approach for the gene therapy of cancer cells is delivering tumor
suppressor genes to restore their normal function. Since two
tumor suppressors, p53 and Rb, are degraded by HPV oncopro-
teins, delivering wild-type p53 and Rb or their homologs may lead
to tumor regression. It has been shown that introducing wild-type
p53 into HPV-positive cervical cancer cells with Ad inhibited tumor
cell growth by inducing apoptosis and arresting the cell cycle
[137–139]. In addition, it has been shown that Ad-p53 enhanced
the chemosensitization and radiosensitization of tumor cells.
Inhibitory effects of the combination of paclitaxel and Ad-53 on
HeLa cells were greater than those of monotherapy, and this
combinatory treatment increased tumor cell apoptosis and
reduced VEGF expression [140]. Xiao et al. investigated the
efficacy and safety of Ad-p53 combined with chemotherapy
(cisplatin+ vincristine+ bleomycin) in 40 patients with locally
advanced cervical cancer. The intravenous administration of
chemotherapy combined with the IT injection of 1 × 1012 VP Ad-
p53 reduced tumor size by 15.25 ± 4.00 cm2, whereas tumor size
reduction in the chemotherapy group was 11.42 ± 2.78 cm2. The
combination regimen also significantly reduced the expression of
VEGF, mutant p53, and microvessel density, without significant
adverse effects [141]. Moreover, a combination of the IT injection
of Ad-p53 with radiotherapy for the treatment of cervical cancer
patients was safe and enhanced the antitumor efficacy of
radiotherapy, including the 5-year overall survival rate and 5-
year progression-free survival rate [142]. Although introducing
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wild-type p53 with Ad has shown effective antitumor activity, HPV
E6-expressing cervical cancer cells are moderately resistant to the
antitumor efficacy of exogenous p53 [143]. Since the p53
homologue p73 is resistant to HPV E6-inducing degradation and
performs similar functions to p53 [144–146], Das et al. developed
an Ad vector carrying p73β (Ad-p73) and evaluated its antitumor
effects on HPV 16 E6-expressing cells. The infection of SW480 cells
with Ad-p73 at an MOI of 20 increased the expression of p73β and
its target gene p21WAF1/CIP1. Ad-p73 also inhibited tumor cell
growth, arrested the cell cycle in the G1 phase, reduced DNA
synthesis in cells, and induced apoptosis. Furthermore, Ad-p73
inhibited the proliferation of HeLa and HPV 16 E6-expressing cells
more effectively than Ad-p53 [147].
In addition to p53, Rb is the other tumor suppressor protein that

is degraded in cervical cancer development. Rb blocks cells
entering S phase of the cell cycle and prevents aberrant
proliferation. In some studies, Rb has been introduced into
cancerous cells to restore its tumor suppressive function. Bourgo
et al. activated the Rb pathway using the ectopic expression of an
active allele of RB (PSM-RB) or overexpression of the p16ink4a
tumor suppressor with an Ad vector in HPV-positive cervical cancer
cells. Although p16ink4a expression did not affect cell cycle
progression, the expression of PSM-RB induced cell cycle arrest
and downregulated E2F gene expression in cervical cancer cells.
The sustained expression of PSM-RB prevented the proliferation of
SiHa cells and led to cell death and cell cycle inhibition [148].
However, it has been shown that Ad-Rb reduces p53-induced
apoptosis in cervical cancer cells; thus, Rb may not be an ideal
candidate for gene therapy in cervical cancer [149].

CONCLUSIONS
HPV is the leading cervical cancer-causing infectious agent. In
addition to traditional treatments for cancer, such as che-
motherapy and radiotherapy, prophylactic vaccines have also
been developed to reduce the incidence of HPV-induced
cervical cancer. The failure of prophylactic vaccines to treat
existing cases as well as the high cost of these vaccines have
made the development of therapeutic vaccines and tumor-
limiting approaches a goal for most gynecology and oncology
scientists. Because of several advantages, adenovirus vectors
have been investigated through different approaches to control
and treat HPV-induced cervical cancer. Although using Ad in
cancer therapy has been considered, including targeting to the
tumor site, enhancing IT spread, and avoiding liver and lung
tropism, the well-characterized structure and genome of Ads
allow scientists to modify and adapt it to increase their
selectivity, potency of transduction, and antitumor effects.
Genetic and chemical modifications of the Ad structure can be
applied for targeting Ads toward specific tumors and reduce
their tropism toward the liver and lung, such as by constructing
chimeric Ads, shielding Ads with polymers, and incorporating
tumor-specific promoters. Moreover, using fusogenic proteins,
junction-opening peptides and extracellular matrix degrading
enzymes can improve Ad IT spread. Therefore, given the
solutions to the concerns raised about Ads and the advantages
of these vectors, including their versatility, ability to be
produced in large volumes, and ease of construction, adenovirus
vectors are a valuable candidate for the design of prophylactic
and therapeutic vaccines. Since most clinical trials are in the
early phases, using Ad vectors as a safe and efficient standard
therapeutic agent needs more investigation. In addition, it has
become clear that monotherapy using Ads may be insufficient
as a therapeutic agent; thus, shifting from monotherapy toward
combinational therapy with other therapeutic agents, such
as immune checkpoint inhibitors or CAR-T cells, will enhance
antitumor activities.
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