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Abstract

Human papillomavirus (HPV) is the most common sexually transmitted virus in the world. About 70% of cervical cancers are
caused by the most oncogenic HPV genotypes of 16 and 18. Since available prophylactic vaccines do not induce immunity
in those with established HPV infections, the development of therapeutic HPV vaccines using E6 and E7 oncogenes, or both
as the target antigens remains essential. Also, knocking out the E6 and E7 oncogenes in host genome by genome-editing
CRISPR/Cas system can result in tumor growth suppression. These methods have shown promising results in both preclini-
cal and clinical trials and can be used for controlling the progression of HPV-related cervical diseases. This comprehensive
review will detail the current treatment of HPV-related cervical precancerous and cancerous diseases. We also reviewed
the future direction of treatment including different kinds of therapeutic methods and vaccines, genome-editing CRISPR/
Cas system being studied in clinical trials. Although the progress in the development of therapeutic HPV vaccine has been
slow, encouraging results from recent trials showed vaccine-induced regression in high-grade CIN lesions. CRISPR/Cas
genome-editing system is also a promising strategy for HPV cancer therapy. However, its safety and specificity need to be

optimized before it is used in clinical setting.
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Introduction

Human papillomavirus (HPV) is the most common sexually
transmitted virus in the world [1]. HPV with more than 200
genotypes is associated with cervical cancers [2] and also
anogenital and oropharyngeal cancers [3]. This gives rise
to the nomenclature of high-risk types (16, 18, 31, 33, 35,
39, 45, 51, 52, 56, 58 and 59) and low-risk types of HPVs
(6,22, 40, 42, 43, 44 and 54) based on the annual report of
the International Agency for Research on Cancer evalua-
tion (IARC) [1]. Cervical cancer remaining the fourth most
common female malignancy and the second most common
female cancer in woman aged 15 to 44 years is estimated to
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cause 91% of HPV-related cancer deaths [4]. Also, approxi-
mately 70% of cervical cancers are caused by the most onco-
genic HPV genotypes of 16 and 18 [5].

This double-stranded DNA virus encodes eight open
reading frames (ORFs) consisting of three functional parts:
a) the early region (E1-E7) necessary for viral replications,
cell cycle and signaling pathway, b) the late region (L1-L2)
required for virion assembly and capsid formation, and c) a
largely non-coding part referred to as the long control region
(LCR) containing the Cis elements necessary for replication
and transcription of viral DNA [6]. E1 and E2 proteins of
HPV act as factors recognizing the origin of replication, E4
and ES5 are believed to be involved in life cycles of virus,
and E6 and E7, the main oncoprotein of HPVs, target the
regulators of the cell cycle including p53 and retinoblas-
toma (Rb) proteins, respectively [7]. The E7 proteins of the
high-risk HPV types such as HPV16 and HPV18 bind to
RD protein with a much higher affinity. One of the major
biochemical functions of Rb is to bind E2F-family transcrip-
tion factors mainly as repressors of the replication enzyme
gene expression. This ability correlates with the tumor sup-
pression function of Rb [8]. Finally, the L1 and L2 proteins
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form icosahedral capsids around the viral genome within the
infected cells [6-8].

HPVs are perfectly adapted to the basal cells of cutaneous
and mucosal epithelium of the host to exploit the cellular
machinery for their own purposes. Infected cells act as the
reservoir of the virus and during cell division, desquamation
releases the viral particles as the viral replication cycle is
completed [9]. As mentioned earlier, the viral proteins E1
and E2 are essential for basal DNA replication. Also, bind-
ing of E7 to Rb activates the E2F transcription factor lead-
ing to DNA replication [10]. Unscheduled S-phase would
normally lead to apoptosis by the action of p53; however, in
HPV-infected cells, the viral E6 protein targets p53 for pro-
teolytic degradation [11]. Constant activity of viral oncopro-
teins E6 and E7 leads to increased genomic instability and
accumulation of mutations and further loss of cell-growth
control and cancer [12]. This constant level of E6 and E7
due to viral genome integration into the host chromosome
is a hallmark of cervical cancer [13].

Today, the HPV vaccination program has been extended
to prevent increasing incidence of HPV-related cancers espe-
cially cervical cancer. Three prophylactic FDA-approved
vaccines including Gardasil and Gardasil 9 (Merck Sharp &
Dhome-MSD) and Cervarix (Glaxo Smith Kline-GSK) are
virus-like particles (VLP) based on L1 protein produced by
recombinant technology which will prevent cervical cancer
with almost 100% efficacy [14]. Tetravalent Gardasil pro-
tects against HPVs 6, 11, 16 and 18, bivalent Cervarix pro-
tects against HPVs 16 and 18 and nonavalant Gardasil 9 pro-
tects against HPVs 6, 11, 16, 18, 31, 33,45, 52 and 58 [15].
These three HPV vaccines are highly immunogenic resulting
in essentially 100% seroconversion. Gardasil, Gardasil 9 and
Cervarix have shown to induce production of memory B
cells and their protection against HPV 16/18 infections at
least for 5 and 10 years, respectively. Extended age for vac-
cination (9-26 years in females) is also another advantage
of these prophylactic vaccines [16, 17]. Major impediments
such as economic barriers, storage and transportation, the
so-called cold chain [18], lack of insurance coverage [19],
lack of perceived benefit or need to vaccinate males [20] are
hindering vaccine uptake around the world. Also, none of
the prophylactic vaccines show therapeutic effect on existing
HPYV infection and related cervical disease [21].

According to IARC HPV information center at year
2021, the world has a population of 2,869 million woman
aged above 15 years being at risk of the developing cer-
vical cancer. Despite HPV vaccination, current estimates
indicate that every year 604,127 women are diagnosed with
cervical cancer and 341,831 die from the disease [5]. The
disease endpoint of cervical intraepithelial neoplasia grade
2 or worse (CIN 2, CIN 3, adenocarcinoma in situ (AIS),
adenocarcinoma and carcinoma) can be caused by high-
risk HPV types. The most important aim of treatment of
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HPV-associated cervical lesions is to lower the chance of
neoplasia. This review will summarize current and future
direction in treatment of HPV-related cervical precancerous
and cancerous diseases with the focus on novel strategies
such as therapeutic vaccines and genome-editing method
which are still under investigations in clinical trials.

Diagnostic consideration

As mentioned earlier, infection with HPVs can cause warts
on cutaneous epithelium. Abnormal cervical epithelial cells
can be detected either by examination or molecular tests.
Genital warts can be flat, cauliflower-shaped, keratotic or
dome-shaped. Accurate diagnosis of these morphological
lesions is achieved by preparing the specimen for cervical
cytology in two methods of Papanicolaou (Pap) test or the
thin-layer liquid-based cytology method. For both methods,
cells are obtained from the external surface of the cervix
(ectocervix) and the cervical canal (endocervix) to evalu-
ate the transformation zone (squamocolumnar junction), the
area at greatest risk for neoplasia [22]. Cervical cytology can
also be used to test for high-risk HPVs and whether the HPV
has begun to cause dysplasia. Even with normal cytology
on pap smear, 5.3% of samples will be positive for high-risk
HPVs. High-grade squamous intraepithelial results over 90%
positive for high-risk HPVs [23].

Since HPV early proteins including E6 and E7 have
been shown to be positively related to the oncogenesis of
HPV-induced cancers, these oncoproteins are promising
biomarkers for diagnosis. More importantly, monoclonal
antibodies (mAbs) as designed antibody mimics as well as
new immunological kits have been developed for immuno-
diagnostic approaches using enzyme-linked immunosorbent
assay (ELISA) method. For example, an IgG2a-type anti-
HPV16 E7 mAb can be suitable for the detection of HPV16
E7 oncoprotein in HPV16-positive cervical carcinoma tis-
sue [24]. In addition to oncogenic early proteins, HPV L1
and L2 late proteins can be also developed for the diagno-
sis of different HPV genotypes [25]. For example, a mAbs
that specifically recognized HPV16 L1 can also be used for
HPV18 L1, HPV31 L1, HPV45 L1 and HPV6 L1. In addi-
tion to detection of HPV protein antigens, there is an easier
and more effective way of detection. Anti-HPV protein anti-
bodies can be detected in exocrine samples of patients. For
example, in cervical cancer patients, vaginal wash can be
used to detect HPV protein antibodies. However, it is impor-
tant to set up specific criteria for obtaining valid samples
with high detection efficacy. Anti-HPV antibodies can be
detected in the sera of patients underpinning the basis of the
serological detection of anti-HPV antibodies [26]. However,
serological testing for HPV has limited accuracy due to the
lack of a robust host serological response [9, 27]. Thus, it is
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important to know that accurate diagnosis of HPV infection
relies on the detection of viral nucleic acid. In situ hybridi-
zation being complementary to cytology including southern
blot or dot spot hybridization, signal amplification systems
and most importantly target amplification systems includ-
ing polymerase chain reaction (PCR), real-time PCR and
reverse transcriptase (RT) PCR are such molecular-based
detection methods. PCR primer sets being used to detect a
broad spectrum of HPV genotypes are aimed at L.1 region
of the virus since it’s the most conserved part of the genome
[28]. Type-specific PCR primers combined with fluorescent
probes can be used for quantification. Basically, PCR assays
have high repeatability and reproducibility and they are very
sensitive and specific. The increased information content,
high throughput and low cost would facilitate the use of this
real-time PCR-based assay in a variety of clinical settings
[29].

Current methods of treatment

Although the ultimate goal of HPV vaccination is to prevent
invasive cervical cancer, major impediments as mentioned
above are hindering vaccine uptake around the world and
therefore many women are diagnosed with cervical cancer.
However, there are no data to indicate full treatment of HPV-
related cervical diseases, the primary goal of the treatment
is to ameliorate symptoms, remove the transformations zone
of warts and reduce the risk of future invasive cervical can-
cer. Management and treatment of HPV-related disease are
highly dependent on HPV types, available treatments and
progression of the disease.

For treatment of external genital warts caused by non-
oncogenic HPVs, recommended treatments includes Podo-
phyllotoxin (an antimitotic agent destroying warts) [30—44],
Imiquimod (an imidazoquinolinamine derivative inducing
macrophages to secret IL-2 and IFN-a cytokines which were
approved for HPV genital warts by the US Food and Drug
Administration (FDA)) [45-59], and Sinecatechins (a com-
pound derived from green tea leaves of the Camellia sinensis
species containing active ingredient epigallocatechingallate
with various immunomodulatory and antiproliferative prop-
erties activating the caspase pathway and inhibiting telom-
erase) [60-65] and Trichloroacetic acid 80-90%. [66—68].
Also, some limited therapies of external genital warts such as
5-fluorouarcil (an anti-metabolite blocking DNA synthesis)
[69, 70], intralesional/topical interferon (pro-inflammatory
cytokines with broad antiviral effects) [71-74], and photo-
dynamic therapy (topical 5-aminolevulinic acid (ALA) as
photosensitizer followed by irradiation) [75, 76] can be used
in some circumstances.

For treatment of cervical precancerous lesions caused
by oncogenic HPVs, surgical methods including excisional

treatment with local anesthesia [77-81], cryosurgery(freezing)
[77], electrosurgery also referred to as a cone biopsy or coni-
zation or loop electrosurgical excision procedure (LEEP) [82,
83] and laser therapy [84—-87] is recommended. Actually,
many studies suggest that the type of surgical approach does
not influence the risk of recurrence [88-91]. So, depending
on the availability of the method and the physician’s opinion,
the treatment may vary.

Current treatments for cervical cancer contain adjuvant
or neoadjuvant chemotherapy with radiation or total or
radical hysterectomy. In the treatment of cervical cancer
from locally to advanced and metastatic, chemotherapy
is found to be efficacious. Women with distant metastatic
and recurrent diseases traditionally have been treated with
cisplatin-based chemotherapy [92]. Definitive radiation
therapy with concurrent cisplatin-based chemotherapy
(CRT), despite high recurrence rates (25-40%), is con-
sidered to be the standard in invasive cervical cancer [93].
Chemotherapy strategy can be conducted either as adju-
vant chemotherapy after the surgery or as neoadjuvant
chemotherapy (NACT) prior to the surgery with similar
overall survival (OS) rates shown by meta-analyses [92,
94]. Also, recent studies and analyses have suggested that
combination therapy with different chemotherapy agents
such as Vinorelbine, Paclitaxel, Pemetrexed, Ifosfamide,
Irinotecan, Topotecan, Capecitabine and S-1 increases the
chance of treatment and can be prescribed based on the
patient’s situation [95, 96].

Whether receiving therapy with CRT or NACT, many
women undergo the surgery [97, 98]. Hysterectomy is a kind
of surgery in which the uterus is removed. Among differ-
ent types of hysterectomy, radical hysterectomy in which
the uterus en bloc with the parametrium (i.e., round, broad,
cardinal, and uterosacral ligaments) and the upper one-third
to one-half of the vagina is removed has been confirmed
to have the superiority [99]. Although, hysterectomy has a
negative impact on fertility and can lead to many physical
and mental disorders and thus affect the quality of life of the
patients [100].

Recently, multiple studies have been published that inves-
tigate the effect of combining checkpoint inhibitors with cur-
rent approaches. Immune checkpoint mechanism such as
cytotoxic lymphocyte antigen 4 (CTLA-4) and programmed
cell death protein 1 (PD-1) result in an immunosuppressive
response leading to reduce T-cell activity. Multiple monoclo-
nal antibodies (mAb) such as Ipilimumab, Pembrolizumab
and Nivolumab have been developed and FDA-approved for
targeting of the PD-1 axis in cervical cancer [101, 102].

Summary of available treatments for external genital
warts caused by non-oncogenic HPVs, cervical precancerous
lesions and cervical cancer is shown in Table 1. In continue,
we review the future direction in treatment of HPV-related
cervical precancerous and cancerous lesions including
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Table 1 Summary of available treatments for external HPV-related genital warts and cervical precancerous and cancerous diseases

Treatment Mode of action Wart Recurrence Safety during Administration Reference
clearance % pregnancy
%
Recommended treatments for external genital warts caused by non-oncogenic HPVs
Podophyllotoxin Antimitotic drug 36-83%  4-100% Unknown Twice a day for three days  [33-41, 43, 44]
followed by a four-day
break
Max. four-week treatment
Imiquimod Immune response 28-100% 6-26% Unknown Three times weekly [46-48, 54-56]
modifier Max. 16 weeks
Sinecatechins Immunomodulatory 47-59% 4-8% Yes Three times daily [60-62, 64, 65]
and antiviral effects
Trichloroacetic acid Destruction by chemical 56-94%  36% Yes Usually multiple office [66-68]
(TCA) coagulation of proteins visits required (weekly
intervals)
Limited treatment for external genital warts caused by non-oncogenic HPVs
S-fluorouracil (SFU) Anti-metabolic blocking 10-50%  50% No Usually takes 3 months [69, 70]
DNA synthesis
Intralesional/topical Proinflammatory 17-90%  9-69% No Usually takes 10 weeks [73, 74, 103]
interferon cytokine with viral
effects
Photodynamic therapy Destruction by 96% 9% Yes Usually, two and five [86]
(PDT) phototoxicity sessions at 2—4 weekly
intervals
Treatment of cervical precancerous lesions caused by oncogenic HPVs
Excisional treatment Surgery 90-95% 19-29% Yes Warts are usually eliminated [77, 79-81]
at a single office visit
Ablative treatment Surgery Close to 17-22% Yes Warts are usually eliminated [82-87]
100% at a single office visit
Treatment Mode of Action Safety During Administration Reference
Pregnancy
Treatments for cervical cancer
Adjuvant chemotherapy  Inhibit cell proliferation and tumor multiplication, ~Not recommended Various chemotherapy [92, 94]
interfering with cell division in first trimester after the surgery based
but depends on on stage and type of
the case oncogenic HPVs
Neoadjuvant chemotherapy Inhibit cell proliferation and tumor multiplication, Not recommended Various chemotherapy [92, 94]
interfering with cell division in first trimester ~ prior the surgery based
but depends on on stage and type of
the case oncogenic HPVs
Radiation Damaging DNA of cancerous cells Yes, with Reduced Various based on stage and [93]
radiation dose type of oncogenic HPVs
Hysterectomy Surgery - The uterus is removed in [97, 98]

one major surgery

therapeutic vaccines and genome-editing method which are
still under investigation in clinical trials (Fig. 1).

Future direction in treatment of HPV-related
cervical precancerous and cancerous lesions
As mentioned earlier, due to sub-optimal prophylactic HPV

vaccination rates worldwide, HPV infections and subsequent
development of HPV-associated malignancies are still public
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health issues. Thus, the development of therapeutic HPV
vaccines and other therapies including genome-editing
method represent a pressing public health concern. Most
therapeutic vaccines and genome-editing method have used
E6, E7, or a combination of both as the target antigens. Sev-
eral different novel approaches for cervical precancerous
and cancerous lesions will be discussed in this report with
examples of vaccines at different stages of development.
Current clinical trials for therapeutic vaccines and genome-
editing methods were queried at the NIH ClinicalTrials.gov
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Fig. 1 Natural progress of human papilloma virus (HPV) infection
and current and novel treatments: HPV establishes infection in the
basal epithelial cells. A majority of infections are transient but about
10-20% of infections persist latently, leading to disease progression
as illustrated by the red arrows. The lesions are known as cervical
intraepithelial neoplasia (CIN) being classified based on severity.
Low-grade squamous intraepithelial lesions (LSIL) will gradually

database. Terminated and withdrawn clinical studies were
excluded in this report and the results are summarized in
Tables 2-6.

Therapeutic vaccines

Limited global vaccine uptake, limited cross-protection, cost
and requirement for a cold chain are such reasons that there
is still a considerable population suffering from HPV infec-
tion despite vaccination. Here, therapeutic vaccines unlike
prophylactic vaccines are aimed at generating cell-mediated
immunity rather than neutralizing antibodies [104]. Thus, a

advance to high-grade squamous intraepithelial lesions (HSIL) and
ultimately leading to invasive carcinoma. The tumor regression in
response to initial treatments is illustrated in green arrows. Current
methods of treatment for each part are listed in green boxes. Different
novel methods of treatment for LSIL, HSIL and cervical cancer are
listed in blue box

therapeutic vaccine can have an immediate impact on patients
who are already infected. Generally, HPV infection is an ideal
target for therapeutic vaccination as the pre-invasive stages are
well-known and progression to cancer takes up to 30 years.
This window provides an ample opportunity for interven-
tion [105]. Therapeutic vaccines require rational design to
achieve concentrated antigen delivered to antigen-presenting
cells (APCs) such as dendritic cells (DCs) to efficiently prime
and activate cellular immune response [106]. A number of
therapeutic vaccines have been developed targeting E6 and
E7 including live vector vaccines, peptide/protein-based
vaccines, nucleic acid-based vaccines. These vaccines have

@ Springer



834

Journal of Molecular Medicine (2022) 100:829-845

Table 2 Clinical trials for live vector-based vaccines for cervical precancerous and cancerous diseases

Vaccine NCT#

Phase Type of HPV malignancy

Number Outcome measure Status

Bacterial vector-based vaccines

ADXSII-001 NCTO01266460 11 Persistent or recurrent cervical
cancer
ADXSII-001 NCT02853604 III High risk locally advanced

cervical carcinoma, following
concurrent chemotherapy and

radiation

Viral vector-based vaccines

67 Safety, activity, objective
tumor response, change
in clinical immunology

Active, not recruiting

450 Survival of patients,

safety, tolerability

Active, not recruiting,
completion Oct 2024

TA-HPV NCT00002916 1II Untreated cervical carcinoma 44 Immunological response, completed
or adenocarcinoma safety and toxicity
Ad.26 HPV NCT03610581 I/II HPV 16/18 infection in cervix 66 Clinical immunology, Recruiting, completion Dec
16/18 plus percentage of HPV- 2022
MVAHPV16/18 specific T-cell response
HB-201 NCTO04180215 I/1I HPV 16-related cancer 100 Tumor response, clinical Recruiting, completion Jun
immunology, dose 2022
for intramuscular and
intravenous routes of
administration
RO5217790 NCT01022346 1I Cervical intraepithelial 206 Viral clearance, completed

neoplasia (CIN) 2/3

immunologic response

shown promising results in both preclinical and clinical tri-
als and can be a novel option to control the progression of
HPV-related cervical precancerous and cancerous diseases.
However, HPV E5 oncoprotein was used in some preclinical
studies, but it was not efficient enough in clinical trials, up to
now. For instance, injection of ES peptide combined with CpG
led to strong cell-mediated immunity and protected mice from
tumor growth [107]. Yet, further study on preclinical levels is
needed to investigate the efficacy of ES. In continue, different
therapeutic vaccines are reviewed as follows.

Live vector-based vaccines: Live vector-based vaccines encom-
pass bacterial and viral vectors as follows. These vectors are
highly immunogenic and as they replicate within host cells,
they facilitate the spread of antigens. These vectors deliver the
E6 and E7 antigens to the DCs which stimulate antigen expres-
sion through major histocompatibility complex (MHC) class
I (cytotoxic T-cell (CD8Y)) or class II (helper T-cell (CD4%))
[108, 109]. Howeyver, these vectors pose a potential safety risk
to immunocompromised patients and the immune response
efficacy after repeated immunization using the same vector is
also limited [110, 111].

a) Bacterial vectors-based vaccines: Several bacteria includ-
ing Listeria monocytogenes, Lactobacillus Lactis, Lacto-
bacillus plantarum and Lactobacillus casei can deliver
genes or proteins of interest such as E6 and E7 to antigen-
presenting cells [112—115]. Listeria is a food-borne patho-
gen that is typically ingested in unpasteurized dairy prod-
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b)

ucts. It is able to evade phagosomal lysis due to secretion
of listeriolysin O (LLO) which is a pore-forming toxin
[116]. This feature allows the antigen peptides in the bac-
teria to be presented on both MHC class I and II pathway
since Listeria can be present in both cell cytoplasm and
endosomal compartments [117, 118]. The first clinical use
of live-attenuated Listeria-based therapeutic HPV vac-
cine (Lm-LLO-E7 also known as ADXs11-001 or ADXs-
HPV) was reported in 2009 [119]. The phase I trial tested
the safety of the vaccine in 15 patients with metastatic
or refractory advanced squamous cell carcinoma of the
cervix. The Lm-LLO-E7 vaccine was well tolerated by
patients. Thus, scientists planed and designed additional
clinical trials to determine the efficacy of the vaccine in
phase II trials including NCT02853604, NCT02399813,
NCT02002182, NCT02291055 and NCT01266460. Clin-
ical trials for therapeutic HPV bacterial-vectored vaccines
are summarized in Table 2.

Viral vectors-based vaccines: Several viruses including
adenoviruses, adeno-associated viruses, alphaviruses, len-
tiviruses and vaccinia viruses have also been examined to
deliver HPV E6 and E7 antigens [120—123]. Among these
viruses, vaccinia is a promising vector for vaccine delivery
due to its large genome, highly infectious nature and low
likelihood of unregulated integration of foreign DNA into
its genome [124]. Vaccinia-based vaccines include vaccinia
encoding fusion of E7 and Calreticulin (CRT) to enhance
MHC class I processing in DCs and vaccinia encoding E7
and listeriolysin O to facilitate MHC class I and II presenta-
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tion [125]. The recombinant vaccinia virus vaccine known
as TA-HPV (NCT00002916) was first used in patients with
advanced-stage cervical cancer. Phase I and II clinical tri-
als have shown that the TA-HPV induces potent antigen-
directed antibody and cytotoxic responses in patients with
cervical cancer [126]. One challenge of using live vector-
based therapeutic HPV vaccine is the generation of antibac-
terial or antiviral immune response through expression of
cytokines or co-stimulatory molecules. Another hurdle to
overcome is the generation of neutralizing antibodies after
initial vaccine exposure which prevents the effective admin-
istration. In this regard, studies show that cyclooxygenase 2
(COX-2) inhibitors such as Celecoxib prevent the produc-
tion of neutralizing antibodies to vaccinia virus allowing
repeated administration without losing infectivity a prom-
ising advance [127]. The immunological activity, safety
and tolerability of an alphavirus-based therapeutic vaccine
(Vvax001) against HPV-induced cancers were investigated
in human Phase I trial. Vvax001 consists of replication-
incompetent Semliki Forest virus replicon particles encod-

ing HPV16 E6 and E7 antigens [128]. Harper et al. showed
that the Tipapkinogen Sovacivec (TS) therapeutic HPV
vaccine provides histologic clearance of CIN2/3 irrespec-
tive of high-risk HPV type in one third of subjects and is
generally safe through 30 months. TS is a highly attenuated
replication-deficient strain of vaccinia virus (MVA) encod-
ing three proteins including human cytokine IL-2 and modi-
fied forms of HPV16 E6 and E7 proteins as non-oncogenic
[129]. Clinical trials for therapeutic HPV viral-vectored
vaccines are summarized in Table 2.

Peptide/protein-based vaccines: Peptide/protein-based vac-
cines are safe, stable and easy to produce and are derived from
HPYV antigens which can be processed by DCs and presented
on either MHC I or II [130]. In continue, we investigate these
types of vaccines. Clinical trials for therapeutic HPV peptide/
protein-based vaccines are summarized in Table 3.

a) Peptide-based vaccines: In spite of being safe and stable

and easy to produce, peptide vaccines are restricted by the

Table 3 Clinical trials for therapeutic HPV peptide/protein-based vaccines for cervical precancerous and cancerous diseases

Vaccine NCT# Phase Type of HPV malignancy Number Outcome measure Status
Peptide-based vaccines
ISA101 NCT02426892 11 HPV 16 positive incurable 28 Safety and combination Active, not recruiting
solid tumors therapy of Nivolumab
with ISA101
ISA101/ISA101b NCT02128126 I/II Advanced or recurrent 93 Safety, tolerability Completed
cervical cancer
DPX-E7 NCTO02865135 I/II  Cervical, anal and 11 Safety Active, not recruiting,
oropharyngeal cancer Completion Dec 2023
(HLA-A2+)
P16_37-63 peptide with NCTO01462838 1/II Advanced HPV and 26 Immune response and Completed
Montanide ISA-51 P16INK4a positive tumor response, safety
cancers
PepCan NCTO02481414 11 High-grade squamous 125 Efficacy and safety of Recruiting
intraepithelial lesion PepCan
(HSIL)
Protein-based vaccines
TA-CIN NCT02405221 1 HPV 16 associated cervical 14 Safety and feasibility Recruiting
cancer Completion Nov 2022
ProCervix with imiquimod NCTO01957878 11 HPV16/18 associated 239 Safety and tolerability Completed
infections
TVGV-1 vs GPI-0100 NCT02576561 11 High-grade squamous 10 Absence of HSIL(CIN2/3) Unknown
intraepithelial lesion
(HSIL)
HSP-E7 NCTO00054041 11 HPV 16 positive CIN3 84 Regression in lesions, Completed
toxicity and histologic
response
SGN-00101 (HSP-E7) NCT00091130 1II HPV16 positive 139 Effectiveness of vaccine ~ Completed

atypical squamous cells of
undetermined significance
(ASCUS) or low grade
squamous intraepithelial
lesions (LSIL)

and regression of lesions
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necessity to identify immunogenic epitopes corresponding ing a T-cell response [132]. Strategies to overcome this
to the polymorphic MHC molecules within populations. In problem focus on enhancing the MHC class I presenta-
this case, in silico approaches such as epitope prediction tion. For example, adjuvants and immunostimulant mole-
and mapping, molecular modeling and structural vacci- cules such as liposome-polycationic-DNA carrier particle
nology can predict the highly immunogenic epitopes in a [133] and the saponin-based ISCOMATRIX [134] can
short time with high specificity and can be used for devel- increase endogenous processing and further MHC class
opment of an effective vaccine [21]. The peptide vaccines I expression of antigen. A protein-based vaccine that has
also have poor immunogenicity and require adjuvants progressed to clinical trials is TA-CIN which contains a
to enhance the vaccine potency [130]. HPV16 synthetic fusion protein composed of HPV16 L2, E6 and E7 [135].
long-peptide vaccine (HPV16-SLP) consists of both E6 The safety and efficacy of TA-CIN in combination with
and E7 overlapping peptides with Montanide ISA-51 as an adjuvant GPI-0100 are currently investigated in HPV16
adjuvant is a peptide-based vaccine that has been studied associated cervical cancer in clinical trial NCT02405221.
extensively [131]. The therapeutic potential of HPV16- GTLO001 (ProCervix) is another protein-based vaccine
SLP vaccine has been evaluated in NCT01923116, composed of both HPV 16 and 18 [136] E7 proteins.
NCT02426892 and NCT02128126. The ISA101 in phase However, in phase II clinical trial NCT01957878, the
I/II clinical trial (NCT02128126) has been studied in com- GTLOO01 wasn’t superior to placebo in viral clearance. In
bination with chemotherapy agents such as carboplatin and general, the future of protein-based vaccines relies upon
paclitaxel with or without bevacizumab as an immuno- the enhancement of immunogenicity and T-cell response
therapy strategy. through adjuvant and fusion protein strategies.

b) Protein-based vaccines: Like peptide-based vaccines,

protein-based vaccines suffer from low immunogenicity.
Strategies to improve their potency are similar to those
employed in peptide-based vaccine. One benefit to using
protein-based vaccine is that they contain all epitopes of
human leukocyte antigen (HLA) avoiding the limitation
of MHC restriction. Although, protein-based vaccines are
presented via MHC class II pathway which means they
activate the production of antibodies rather than generat-

Nucleic acid-based vaccines: Nucleic acid-based vaccines are
safe and easy to manufacture and purify. These types of thera-
peutic vaccines do not produce neutralizing antibodies allowing
for repeated vaccination [137]. In continue, we go deeper and
investigate the pros and cons of these vaccines. Clinical trials for
therapeutic HPV nucleic acid-based vaccines are summarized
in Table 4.

Table 4 Clinical trials for therapeutic HPV nucleic acid-based vaccines for cervical precancerous and cancerous diseases

Vaccine NCT# Phase Type of HPV malignancy Number Outcome measure Status
DNA-based vaccines
VGX-3100 NCTO01304524 11 Cervical intraepithelial 167 Clearance of HPV16/18  Completed
neoplasia (CIN) 2/3 with plus regression to CIN1
HPV16/18
VGX-3100 (REVEAL NCT03185013 III Cervical high-grade squamous 200 percentage of patients Active,
1) intraepithelial lesion (HSIL) with no evidence of Completion Apr 2021
HSIL
VGX-3100 NCT03721978 11 Cervical high-grade squamous 198 Percentage of patients Recruiting, completion
(REVEAL 2) intraepithelial lesion (HSIL) with no HSIL and no May 2021
HPV16/18
VB10.16 NCT02529930 I/ Cervical intraepithelial neoplasia 34 Safety, tolerability, Completed
(CIN) 2/3 and Cervical high- immunogenicity,
grade squamous intraepithelial primary assessment
lesion (HSIL) efficacy
pNGVL4a-Sig/ NCT00121173 1/ Cervical intraepithelial neoplasia 16 Safety, tolerability, Completed
E7(detox)/HSP70 (CIN) 2/3 efficacy, regression
of CIN3 and clinical
immunology
GX-188E NCT02596243 11 Cervical intraepithelial neoplasia 134 Regression to CIN1, Unknown
(CIN) 2/3 clearance of hpv16/18
RNA-based vaccines
HARE-40 NCT03418480 I/lI HPV 16 positive cancers 44 Dose-limiting toxicity Recruiting, completion

Dec 2023
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a) DNA-based vaccines: DNA vaccines have been studied

extensively and proven to be safe in clinical trials [138,
139]. This involves the delivery of plasmid DNA encod-
ing a protein of interest into the host’s tissue leading to
expression and production of protein. The plasmid is often
a bacterial plasmid containing a strong viral promoter
which controls the expression of the protein of interest.
The bacterial DNA backbone can induce innate immune
response through recognition of CpG motifs being a ligand
for toll-like receptor 9 (TLR9) on dendritic cells (DCs) and
B-cells and natural killers (NKs) [140]. DNA vaccines are
believed to induce adaptive cellular immune responses via
MHC class I or II-associated antigen presentation. DNA
vaccines have benefit of simplicity, thermostability, low
cost of manufacture, potential to elicit both cellular and
humoral immunity, absence of anti-vector immunity,
excellent safety and tolerability in humans. Although,
DNA vaccines have limited immunogenicity, thus should
be administered repeatedly. Immunogenicity of DNA vac-
cines can be improved by using them in a heterologous
prime-boost vaccination strategy. Using both traditional
and novel immunization approaches provides exciting
opportunities to elicit unique immune responses to allow
for improved immunogenicity [141]. Cellular uptake of
naked DNA is inefficient in vivo and the bulk of injected
DNA remains extracellular [142]. Codon optimization
can improve the expression [143] and the addition of a
leader sequence can target the antigens into the endo-
plasmic reticulum [144]. Also, electroporation (EP) can
greatly enhance vaccine uptake. However, a variety of
DNA-based vaccines were developed in preclinical stud-
ies which some of them were achieved to clinical trials.
Recently, DNA vaccines using doggybone DNA (dbDNA)
have been developed without the use of bacteria. Allen
et al. showed that linear doggybone DNA vaccine induces
similar immunological responses to conventional plasmid
DNA. It is interesting that these responses were independ-
ent of immune recognition by TLR9 in a preclinical model
[145].

An important example of therapeutic DNA-vectored
HPYV vaccine is VGX-3100 (Inovio Biomedical Corp/
VGX pharmaceutical) containing two DNA plasmids
encoding optimized synthetic consensus E6 and E7
genes of HPV16/18. This trial addressed two important
issues that a therapeutic vaccine could induce adaptive
immune response in patients with existing disease and
systemically administration of the vaccine can elicit
adaptive immune responses. The phase II study of VGX-
3100 (NCT03180684) was followed by electroporation
alone or in combination with imiquimod and phase III
study of VGX-3100 (REVEAL 1, NCT03185013) is cur-
rently underway to confirm the efficacy and safety of the
vaccine followed by electroporation.

b) RNA-based vaccines: The RNA replicons are naked
RNA sustaining cellular antigen expression due to self-
limiting replication. Thus, RNA vaccines produce more
antigenic protein than DNA vaccines. Also, in contrast
to DNA vaccines, RNA vaccines only have to cross the
plasma membrane but not the nuclear membrane since
the mRNA transcripts are translated directly in the
cytoplasm once the vaccine is administrated and inter-
nalized by host cells resulting in an improved probabil-
ity of successful transfection. RNA vaccines can also
activate innate immune system since the mRNA is a
natural TRL7/8 ligand [146]. Although, delivery sys-
tems in vivo are still being tested and optimized since
this technology is new. There is also potential for RNA
vaccines to cause toxicity due to the inherent inflam-
matory activity of mRNA [147]. RNA vaccines have
been pioneered in many other malignancies, but few are
available for HPV as they are notoriously unstable. HPV
16 RNA-LPX is one of the studies using the mRNA
encapsulated in lipoplex so that it was selectively taken
up by DC in lymphoid compartments [148]. Encapsulat-
ing can protect the mRNA from nuclease degradation
resulting in enhanced cell uptake and delivery efficiency.
The phase I HARE-40 (NCT03418480) evaluating the
HPV16 RNA-LPX vaccine with and without anti-CD40
is the only RNA vaccine for HPV-associated disease that
has been reached in clinical trials.

Whole cell-based vaccines: Whole cell-based vaccines
involve the patient’s APCs being directly loaded with HPV
antigens and infused back into the patient. This platform
has the advantage for antigen-specific cells being introduced
directly to the patient which eliminates the trial and error
associated with generating antigen-specific cells within
the tumor microenvironment via vaccine. Although, this
approach has HLA restriction and generating personalized
whole cell-based therapies is time-consuming. In continue,
we further investigate these vaccines. Clinical trials for ther-
apeutic HPV cell-based vaccines are summarized in Table 5.

a) DC-based vaccines: This strategy is created to enhance
T-cell mediated immunity by loading DCs with HPV
antigens and deliver them to the patients. DCs can be
prepared ex vivo by the physical loading of MHC I and
II molecules and antigen loading can be accomplished
by pulsing the DCs with antigenic peptides or proteins or
transfecting with DNA or RNA encoding HPV antigens
[149]. Effective loading of tumor antigen into DCs can
be achieved through gene delivery to DCs by targeting
adenoviral vectors to CD40 with specific antibodies.
NCT0015766 and NCT03870113 are two studies on
DC-based vaccines that have been reached the clinical
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Table 5 Clinical trials for therapeutic HPV cell-based vaccines for cervical precancerous and cancerous diseases

Vaccine NCT# Phase Type of HPV malignancy

Number Outcome measure

Status

Dendritic cell-based vaccines
DC based NCT0015766 1 Recurrent cervical cancer

DC vaccine NCT03870113 I Cervical intraepithelial neoplasia
(CIN) 12

Other cell-based vaccines

BVAC NCT02866006 /11 Metastatic, progressive or
recurrent HPV 16/18 positive
cervical cancer

E7 TCR NCT02858310 I/1I Metastatic or refractory recurrent 180

HPV16 positive cancer

Safety, immunologic response Unknown
and clinical response

Immunogenicity of vaccine,
objective response rate

Not yet recruiting, completion
Dec 2022

Serology, blood chemistry Recruiting, completion Aug

2020

Safe dosing, efficacy and Recruiting, completion Jan
response rate 2026

trials and yet are being investigated for safety, immuno-
logic and clinical responses.

b) Tumor cell-based vaccines: Manipulating tumor cells
ex vivo being used to express immunomodulatory pro-
teins such as IL-2, IL-12 and GM-CSF cytokines can
enhance immunogenicity and be used as an approach
for whole-cell immunization [150]. The use of tumor
cell-based vaccine is an interesting strategy if the tumor
antigens are unknown. However, there is always a safety
concern about injecting tumor cells into patients. Tumor
cell-based HPV vaccines have been tested in preclini-
cal models but not yet in clinical trials. For example,
GM-CSF-transduced autologous or allogenic tumor cells
have been used in clinical trials for many other cancers.
Also, tumor cell-based vaccines have limited scope for
HPYV vaccine development since it’s difficult to be pro-
duced on large scale [111, 151].

The genome-editing by CRISPR/Cas

Among different gene-editing strategies, clustered regularly
interspaced short palindromic repeats (CRISPR) in combi-
nation with CRISPR-associated protein (Cas) are an interest-
ing platform. Generally, gene-editing generate pre-designed
alterations in the genome by inducing double-strand breaks
(DSBs) or single-strand breaks (SSBs) (also termed ‘nicks’)
resulting in the activation of endogenous repair mechanism
[152]. CRISPR/Cas, the 2020 noble prize winner in chem-
istry, is a fast, cheap and efficient genome-editing method
[153] which has been rooted in adaptive immunity in prokar-
yotes. Short stretches of invading foreign nucleic acids, so-
called protospacers, are incorporated into the CRISPR locus
of the bacterial or archaeal genome. For genome-editing pro-
cess, a single guide RNA (sgRNA) binds complementary to
DNA target and guides the Cas protein to the desired target
site to create a DSB [153]. The protospacer adjacent motif
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(PAM) is the absolute prerequisite for Cas protein to induce
a DSB. In cancer diseases which are driven by the overex-
pression of key oncogenes, a knock-out CRISPR/Cas system
can be designed to overcome future malignancies.

As mentioned earlier, persistent infection with high-risk
HPVs, especially types 16 and 18, is due to overexpression
of E6 and E7 oncogenes. Indeed, knocking out the E6 and
E7 oncogenes by CRISPR/Cas system can result in tumor
growth suppression [154—-156]. Targeting E6 oncogene can
result in reactivation of p53 tumor suppressor pathway and
targeting E7 oncogene can result in restoration of the ret-
inoblastoma protein (Rb) tumor suppressor pathway. In one
in vitro study, Zheng et al. designed an E7 sgRNA that tar-
geted HPV16-E7 knocking down E7 oncogene, upregulat-
ing pRB, and inhibiting HPV cancer cell growth [156]. In
another study, Zhen et al. designed a few sgRNAs that tar-
geted E6 and E7 oncogene promoters and transcripts result-
ing in pronounced expression of p53 and pRB [154]. In one
valuable in vivo study in 2019, Jubair et al.delivered the E6
and E7 sgRNA in CRISPR/Cas9 vector systemically into
mice and explored the post-gene editing events in tumors
thereby showed the effective cell death induced by apoptosis
[155].

Despite success in targeting E6/E7 with CRISPR/Cas
in pre-clinical models, previous efforts failed to address a
range of issues. First, the delivery of the treatment vector has
proven challenging owing to the large size of the CRISPR/
Cas vector. To overcome this challenge, CRISPR/Cas vec-
tors can be packaged into liposomes or adenovirus-associated
vectors (AAV). Second, the development of precise gene-
editing tools in the clinic requires careful consideration of
the medical implications of permanent modification in the
genome. Thus, the on-target and off-target effects of designed
CRISPR/Cas vector should be investigated to provide suffi-
cient targeted editing [157]. This issue is almost resolved by
evolution of bioinformatics software tools. Recently, there are
many simple and functional servers for designing CRISPR/
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Cas gRNAs with reduced off-target sites [158]. Also, easy
monitoring methods based on polymerase chain reaction
(PCR) or sanger sequencing or even next-generation sequenc-
ing (NGS) are other solutions to detect the off or on-target
effects of designed CRISPR/Cas. Third, due to the role of
p53 in multiple DNA damage response mechanisms, it’s hard
to investigate the exact influence of p53. Although recently
there are guidelines for CRISPR screening to ensure the qual-
ity of screening performance [159]. Finally, the ability and
specificity of the Cas9, the most commonly used CRISPR/
Cas system, is limited. Recently, many engineered forms of
Cas9 proteins with improved targeting specificities have been
developed to generate increasing gene-targeting efficiency and
fidelity [160].

The enormous volume of study over CRISPR/Cas indi-
cates that this new treatment strategy is the future of cancer
treatment if the studies effectively addressed the mentioned
challenges. Now, some trials are underway in five treat-
ment areas including blood disorders, cancers, eye disease,
chronic infections and protein-folding disorders. For exam-
ple, CRISPR-based technology for sickle cell disease (SCD)
and transfusion-dependent betta-thalassemia (TDT) aims
to increase levels of fetal hemoglobin which can take place
of defective adult hemoglobin in red blood cells [161]. The
first in vivo CRISPR-based therapy trial, meaning to edit

Table 6 All available clinical trials based on CRISPR/Cas technology

a gene within patient’s own body, is for treatment of Leber
Congenital Amaurosis-10 (LCA10). In this case, CRISPR
edits the patient’s mutated photoreceptor gene. If enough
cells are edited, patients are expected to regain vision [162].
Also, the first trial to use CRISPR/Cas3-edited bacterio-
phages is for treatment of urinary tract infection (UTI) by
Escherichia coli (E. coli). In this case, Cas3 protein, which
targets longer stretches of DNA for destruction, rather than
Cas9, makes a more precise cut at one location [163]. As
resistance to traditional antibiotics like penicillin becomes
a major public health threat, there is growing interest in
developing bacteriophage therapy. At last, the first trial
using lipid nanoparticles to deliver the genome-editing
treatment systemically is for treatment of hereditary tran-
sthyretin amyloidosis (hATTR). In this case, researchers
try to reduce the amount of mutated TTR proteins. Less
amount of mutated TTR proteins decrease the chance of
formation and accumulation amyloidosis [164]. Although
many CRISPR-based therapies for different genetic diseases
are now in clinical trials, there is only one phase I clinical
trial for HPV. The NCT03057912 is the only HPV-related
CIN I treatment that investigate the safety and efficacy
of CRISPR/Cas9 for editing the E6 and E7 oncogenes of
HPV16 and 18. Table 6 has listed all available clinical trials
based on CRISPR/Cas technology.

Vaccine NCT# Phase Disorder Number Outcome measure Status

CRISPR-based technology for blood disorders

CLIMB THAL-111 NCTO03655678 I/II Beta-thalassemia 45 Safety and efficacy study Recruiting, Completion
based on CTX001 evaluating CTX001 May 2022

CLIMB SCD-121  NCT03745287 /11 Severe sickle cell disease 45 Safety and efficacy study Recruiting, Completion
based on CTX001 (SCD) evaluating CTX001 May 2022

CRISPR-based technology for cancer

PD-1 knockout NCT02793856 1

engineered T-cells (NSCLC)
CRISPR-based technology for eye disease

EDIT-101 NCT03872479 TII
(LCA10)

CRISPR-based technology for chronic infections

LBP-ECO1 NCT04191148 1
coli)

CRISPR-based technology for rare protein-folding disease

Non-small Cell Lung Cancer 12

Leber Congenital Amaurosis-10 18

Urinary tract infection (UTI) 36
with Escherichia coli (E.

PD-1 knockout engineered Completed
T-cells

Single ascending dose Recruiting, Completion

study to evaluate safety =~ March 2024
and tolerability
Safety, tolerability, Completed

NTLA-2001 NCT04601051 1 Hereditary transthyretin 38 Safety, tolerability, Recruiting, Completion
amyloidosis (hATTR) pharmacokinetics and March 2024
pharmacodynamics
CRISPR-based technology for HPV malignancy
TALEN* and NCT03057912 1 HPV-related cervical 60 Safety and efficacy of Unknown
CRISPR/Cas9 intraepithelial neoplasia I TALEN and CRISPR/
plasmids (CIND) Cas9

“Transcription Activator-Like Effector Nuclease (TALEN) is another genome-editing method
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Other advanced therapeutic methods

Besides novel therapeutic vaccines, there are few advanced
methods yet need to be expanded. Recently, adoptive T-cell
therapy (ATC) using engineered T-cells redirected by genes
that encode for tumor-specific T-cell receptors (TCRs) or
chimeric antigen receptors (CARs) has demonstrated a
delightful potency in cancer treatment. In chimeric anti-
gen receptor (CAR)-T immunotherapy, researchers geneti-
cally engineer patient’s T-cells to have a receptor that
recognizes the patient’s cancer cells. Along with CAR-T
immunotherapy, researchers use CRISPR-based technol-
ogy as an immunotherapy approach known as checkpoint
inhibition which edits the PD-1 gene in T-cells [165]. The
landmark of CAR-T therapy is the commercial CD19 spe-
cific approved by FDA for acute lymphocytic leukemia
(ALL). In HPV-positive cervical cancer, few clinical studies
including NCT02280811, NCT02858310, NCT03578406,
NCT03356795 and NCT04556669 have been in progress
but more clinical evidence regarding the efficiency of CAR-T
therapy for cervical cancer is required [166].

Another advanced therapeutic method is radioimmuno-
therapy (RIT) which uses tumor antigen-specific mAb for
targeted delivery of cytocidal ionizing radiation to tumor
cells [103]. In this method, radiolabeled mAbs systemati-
cally are administered to bind to specific tumor-associated
antigens [104]. Radiolabeled E6 or E7-specific mAbs with
a beta-emitter 188-Rhenium or beta-emitters 177-lutetium
bind to extracellular E6 and E7, and deliver cytotoxic radia-
tion to the area [105, 106]. Surviving tumor cells with weak
or no E6 or E7 expression are also killed by radiation via
the “cross-fire” effect produced by radiation in 360° spheres
[107]. This potentially makes RIT of HPV-related cervical
cancer a clinically important therapeutic modality in near
future.

Conclusion and future perspectives

With increasing prophylactic HPV vaccination rates among
the general population, the rates of HPV infection are set
to drop. Cervarix, Gardasil and Gardasil 9 had shown to
be highly immunogenic resulting in essentially 100% sero-
conversion. Yet there is an unmet need for HPV therapeutic
vaccination as the burden of HPV malignancies will remain
high for years to come. The available treatments for HPV-
related cervical disease usually work on topical genital
warts and no gold standard exists for the treatment. Fur-
thermore, treatment choice depends on the severity of the
disease, type of HPV infection and patient’s preferences.
This article aims to offer available and the future direc-
tion in treatment of HPV-related cervical precancerous and
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cancerous lesions. Although the progress in the development
of targeted therapeutic HPV vaccine has been slow, efforts
to increase immunogenicity of T-cell response including
varying delivery systems, vaccine composition, routes of
delivery and different kinds of adjuvants should be made to
promote treatment. Indeed, encouraging results from recent
trials showed vaccine-induced regression in high-grade
CIN lesions. For example, viral vector-based vaccines have
high immunogenicity and can facilitate intracellular antigen
spreading. Bacterial vector-based vaccines can deliver either
engineered plasmids or HPV tumor proteins to APCs. Pep-
tide and protein-based vaccines are stable, safe and easy to
produce. DNA-based vaccines have a sustained expression
of antigen on MHC-peptide complex. RNA-based vaccines
have enhanced antigen expression, and whole cell-based
vaccine potency can be enhanced by cytokine treatment.
These features of therapeutic vaccines provide opportunities
for broad, more effective and less toxic treatment strategy. At
least for now, to advance the field, precise design of clinical
trials evaluating different side effects and dosing of interven-
tions, and investigating intended effects in the intended tar-
get tissues at a molecular level is necessary. Understanding
the molecular biology of the tumor may favor the develop-
ment of more effective therapeutic vaccines. Also, further
clinical trials are needed to improve the clinical efficacy
of therapeutic vaccines. As HPV-related cervical cancer
express both viral and neo-antigens, the potential for syn-
ergy between these agents and therapeutic vaccines should
be investigated in future clinical trials. Also, the CRISPR/
Cas genome-editing system is a viable route of treatment
that could supplement or potentially replace the current
treatments of surgery, chemo and radiation therapy. The
enormous volume of study over CRISPR/Cas indicates that
this new treatment strategy is the future of cancer treatment.
There are also few advanced methods like CAR-T therapy
and radioimmunotherapy showing promising results. How-
ever, these methods will still be necessary to optimize their
efficacy, safety and specificity before they are used in clini-
cal practice. We believe that with continued understanding
of the nature and function of programmable Cas nuclease,
the outlook is bright for a precise gene therapy in cervical
cancer.
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