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Abstract

:

Background: Each year 604,127 new cases of cervical cancer (CC) are diagnosed, and 341,831 individuals die from the disease. It is the fourth most common cancer among women and the fourth most common cause of death from female cancers worldwide. The pathogenesis of CC is associated with human papillomavirus (HPV) infections and consists of several steps involving cell proliferation outside the human body’s control mechanisms. Strategies to prevent CC are based on screening and vaccination. Scope of the Review: The aim of this paper was to collect and analyze the available literature on the issue of CC prevention and the impact of the COVID-19 pandemic on its implementation. For this purpose, PubMed and Google Scholar databases were searched using keywords, such as “cervical cancer”; “HPV”; “prevention”; “prophylaxis”; “vaccination”; “screening” and “COVID-19” in different variations. Only articles published since 2018 were included in the study. Conclusions: Selected European countries have different CC prevention programs funded by national budgets. This translates into observed differences in the risk of death from CC (age-standardized rate Malta = 1.1, Poland = 5.9). COVID-19 pandemic due to disruption of CC screening may exacerbate these differences in the future. To improve the situation, new screening methods, such as p16/Ki67, HPV self-testing, and the use of artificial intelligence in colposcopic assessment, should be disseminated, as well as free HPV vaccination programs implemented in all countries. The search for new solutions is not without significance and entails ultra-sensitive screening tests for risk groups (mRNA E6/E7, SOX1/SOX14), HPV vaccines with shorter dosing schedules, and new therapeutic pathways using nanotheranostics.






Keywords:


cervical cancer; prevention; screening; vaccination; HPV; COVID-19; biomarkers; nanotheranostics












1. Introduction


Each year 604,127 new cases of cervical cancer (CC) are diagnosed and 341,831 individuals die from the disease. It is the fourth most common cancer among women and the fourth most common cause of death from female cancers worldwide [1]. Although almost 85% of CC diagnoses worldwide are in developing countries, there are still 30,447 new cases each year in Europe. The incidence of CC in Europe varies, with the highest rates observed in Romania (age-standardized rate per 100,000 = 32.3) and the lowest in Malta (age-standardized rate per 100,000 = 5.7). Poland ranks eighth for incidence of CC and fifth for deaths. The five-year survival rate in Poland is 48.3% (the EU average is 62.1%) [2].



The pathogenesis of CC is associated with human papillomavirus (HPV) infections and consists of several steps involving cell proliferation outside the human body’s control mechanisms. This process results in a cascade of malignantly transformed cells in the following order: hyperplasia, dysplasia, carcinoma in situ, and invasive carcinoma [3]. HPV invades squamous cells, allowing the virus to continue to replicate and continuously infect cervical epithelial cells. The time required for invasive cancers to develop is a minimum of 10–12 years minimum. The most common type is HPV 16 (50% of cases). Other oncogenic HPV types responsible for persistent cervical tissue infections include HPV 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 66, and 68. However, infection alone is not sufficient for disease development. Most infections are transient and resolve within a maximum of 2 years [4]. Strategies to prevent CC are based on screening and vaccination. Screening can be performed with cervical cytology alone (Pap smear, or liquid-based cytology—LBC) repeated every 3 years, with HPV DNA testing alone repeated every 5 years, or co-testing, being a combination of cytology and HPV DNA testing. HPV vaccination is recommended for girls and boys aged 9–14 years in two- or three-dose regimens [5,6]. These solutions have become the goals of strategies to eliminate CC as a global public health problem. The World Health Organization (WHO) has called for interventions to cover 70% of the population with CC screening using the HPV DNA test to vaccinate 90% of the population against HPV, and to enable access to CC diagnosis and treatment for 90% of women by 2030 [7]. Meeting these challenges requires defining the current state of knowledge in CC prevention and setting a course of action for the future considering the impact of additional factors, such as the COVID-19 pandemic.




2. Aim of the Review


The aim of this paper was to collect and analyze the available literature on the issue of CC prevention and the impact of the COVID-19 pandemic on its implementation. For this purpose, PubMed and Google Scholar databases were searched using keywords, such as “cervical cancer”; “HPV”; “prevention”; “prophylaxis”; “vaccination”; “screening”, and “COVID-19” in different variations. Only articles published since 2018 were included in the study.




3. Review Results


3.1. Cervical Cancer Oncogenesis—Perspectives in Surveillance Programs


HPV oncoproteins E6 and E7, which prevent tumor suppressor genes from functioning properly by disrupting cell cycle checkpoints, play a key role in CC oncogenesis. The E6 protein degrades p53, which allows cells to continue replicating. The E7 protein causes an early entry into the S phase of the cell cycle through the degradation of pRb [8]. The above mechanisms of action prompt the utility of E6/E7 proteins as potential biomarkers. Currently, the most widely utilized screening tests use HPV DNA and the expression of p16 protein to directly determine the HPV oncogenic risk as well as using Ki-67, a protein responsible for proliferation. Despite the significant progress that has been made in the screening and treatment of CC, it is still necessary to search for new reliable screening methods [9].



Results from a study published in 2021 of 40,509 women showed that E6/E7 mRNA detection had the highest sensitivity among conventional cytology and p16/Ki-67 testing. Considering these findings, the E6/E7 mRNA assay appears to be a very good candidate for ultra-sensitive screening. The scientific consensus on the optimal sensitivity of tests used in CC screening remains an open question [10,11]. Potential highly sensitive CC biomarkers include SOX14. It belongs to a group of genes that are involved in the binding of the high-mobility group (HMG) domains to DNA, which stimulates the differentiation process in the cell cycle. With respect to CC, SOX 14 potentiates cell proliferation and invasiveness. The detection of SOX 14 allowed for the differential diagnosis of precancerous lesions and CC with a sensitivity of 94.12% and specificity of 86.46% [12]. In addition to the examples described above, potential CC biomarkers have been very well studied in the literature and are summarized in Table 1.



The HPV oncoprotein E7 affects cell growth processes by interacting with histone deacetylases (HDACs). Under physiological conditions, HDACs remove acetyl residues that inhibit transcription [17]. Nevertheless, the HDACs of classes I-III are involved in CC as a result of their interactions with the p50 protein, which exhibits antitumor activity (class I), promotion of cell motility (class II), and response to oxidative stress (class III), respectively [18]. Current knowledge allows us to conclude that HDAC inhibitors (HDACi) through various cellular pathways lead to apoptosis and exhibits adequate anticancer activity. They can be used alone and in combination with other drugs. The use of combination therapies can result in comparable therapeutic effects with fewer side effects [19]. Among the numerous cellular pathways that E6/E7 oncoproteins interact with is the JAK/STAT pathway. Signaling in this pathway contributes to tumor progression and metastatic development. Inhibitors of the JAK/STAT pathway are an area of interest in currently ongoing clinical trials. In addition to the assessment of toxicity, which according to current scientific reports may be significant. It is important to focus on the assessment of the disease-free period and overall survival of patients with CC [20]. Another pathway important for CC progression is the deregulation of the Notch pathway. This signaling pathway is associated with epithelial cell differentiation. HPV, which is dependent on keratinocyte differentiation, directly interferes with this process. Most invasive CCs show cytoplasmic localization of Notch1, with Notch1 in the cell nucleus correlating with poorer treatment outcomes [21]. An interesting phenomenon associated with HPV infection is the translation of apolipoprotein B mRNA editing enzyme, catalytic (APOBEC) gene proteins, which promote a tendency for cell mutagenesis. The presence of E6/E7 proteins has been shown to promote the up-regulation of APOBEC gene protein production [22]. APOBEC gene-mediated mutagenesis may be a future predictor of lesion progression to invasive cancer. In addition to interfering with cell proliferation, HPV infections have an immunomodulatory effect. Natural killer (NK) cells are involved in recognizing and eliminating HPV-infected cells. An interesting phenomenon is the avoidance by CC tumor cells to the responses that NK cells are capable of causing. Among the numerous mechanisms, the one by which the secretion of cytokines necessary for NK cell activation is inhibited is noteworthy [23]. The ability of NK cells to eliminate CC cells represents a promising direction in the search for immunotherapy-based drugs. The literature in this area is limited at this time. However, it is important to note that the ability of cells to evade the immune response cited above may affect the efficacy of therapeutic solutions developed. The role of HPV in the development of CC is undeniable. Nevertheless, the human leukocyte antigen (HLA) locus, which is responsible for the genetic predisposition to CC, has drawn the attention of researchers. Several studies have found independent risk variants associated with the 6p21.3 HLA locus. The estimated hereditary incidence of CC oscillates around 7%. Studies in large populations of HPV-negative CC outcomes are needed to verify this data [24,25]. HPV negative CCs are characterized by a variety of clinical courses as well as pathologies. HPV-negative CCs are diagnosed statistically later than HPV-positive CCs and correlate with shorter survival. Apart from the diagnostic delay, molecular correlations have not been demonstrated to date [26].



In conclusion, the process of CC oncogenesis is a target for new methods of prevention, prognosis of its severity, and creation of targeted therapies. Biomarkers p16/Ki-67 are being used increasingly and incorporated into standard protocols for conducting CC screening. E6/E7 mRNA tests and SOX1/SOX14 detection may become the starting points for making recommendations using ultra-sensitive screening tests especially in at-risk groups. Genetic aspects of CC oncogenesis warrant attention to the 6p21.3 HLA locus associated with heritable CC incidence. The above correlation can be used to develop special surveillance programs in genetically predisposed individuals. The apoptosis of cancer cells is an area of interest in terms of developing new therapies. HDAC inhibitors in CC can be used in combination treatment giving a similar therapeutic effect with fewer side effects. The JAK/STAT and Notch signaling pathways are responsible for the process of progression to CC. In the future, they may represent a predictive biomarker of treatment response and course of CC, as well as a point of interest for targeted therapies.




3.2. Cervical Cancer Prevention—Current Practice and Future Directions


3.2.1. Cervical Cancer Screening


Current tests used for CC screening include Pap smear-based cervical cytology, LBC, HPV DNA, and co-testing [27,28]. Pap smear-based cervical cytology has been around for more than half a century. Its newer form is LBC. During a Pap smear, cells taken from the cervix are smeared on a slide, while in LBC, they are washed and suspended in a preservative solution. The advantage of LBC is that the material can be used for additional testing for HPV DNA [29,30]. The sensitivity of the Pap test is estimated to be 30–87% and specificity to be 86%. The number of false negative results ranges from 25% to 50% [31]. For LBC, the sensitivity is 61–66% with a specificity of 82–90% [32,33]. The sensitivity of Pap cytology is low and should be supplemented with other diagnostic methods [34,35]. A study published by Phaliwong et al. in 2018 on 28,564 cases showed that the percentage of unsatisfactory Pap smears was significantly higher than LBC (52.3% vs. 40.5%) [36]. The opinion suggesting the need for the extensive use of LBC in CC screening instead of a Pap smear is very well established in the literature [37,38,39,40]. In contrast, there is no evidence to explain that LBC differs from Pap smear in their accuracy in detecting CIN2+ lesions [41]. Nevertheless, LBC is preferred over Pap smear as a method of monitoring patients after CC treatment. The diagnostic accuracy of LBC is 97.6% and that of a Pap smear is 79.16% (patient group study (n = 94), significance of difference between groups p < 0.001) [42]. Despite the described advantages, LBC is not widely used worldwide (especially in developing countries due to the higher unit cost of the test compared to a Pap smear) [43]. It is difficult to argue with this argument, but it is important to note that LBC can reduce false negative results, decreasing the incidence of invasive CC cancer in the population, which in turn will reduce treatment costs. According to estimates from the German health care market, every EUR 1 spent on an LBC instead of a Pap smear will result in a savings of EUR 170 over the lifetime of a patient undergoing screening [29].



HPV infection can also be detected with a viral DNA test. HPV DNA tests are more sensitive than cervical cytology, so they can be performed less frequently (every 5 years). For the standard comparison test, the sensitivity is 98.7% and the specificity is 96% [44,45]. The high sensitivity of HPV testing can lead to over-detection of false positives, which are results in which n HPV infection is present but will not lead to CC in the long term. This situation can lead to patient exposure to further diagnostic testing, increase health care costs, and affect a woman’s perceptions about the effectiveness of screening [46,47]. There is a need to develop CC screening schemes based on the clinical context, as well as international validation of HPV testing. An interesting direction of exploration is the use of biomarkers as additional differentiation tests after HPV DNA positivity [48].



There are currently 254 HPV molecular tests available with over 425 variants. They use several diagnostic methods, including polymerase chain reaction (PCR) with sequencing, restriction fragment length polymorphism (RFLP) analysis, and hybridization assays [49]. A validation system, the VALidation of HPV GENotyping Tests (VALGENT), was introduced to establish common diagnostic criteria and to allow comparison of test results between tests [50]. Arbyn et al. reviewed an updated list of HPV tests adequate for CC screening. They recommended hrHPV DNA tests for CC screening resulting from the above review, including HC2, GP5+/6+ PCR-EIA, Abbott RealTime, Alinity, Anyplex HR, Cobas 4800, PapilloCheck, Onclarity, HPV-Risk, and Xpert HPV [45]. With new diagnostic methods emerging, systematic validation of recommended tests for CC screening is needed [51,52,53]. The efficacy of HPV DNA testing was confirmed in the HPV FOr cerviCAL Cancer Trial (FOCAL), in which a group of women (n = 5537) was followed up for 10 years after a negative HPV screening result. In the study group, the risk of developing a CIN2+ lesion was less than 1% after a 10-year follow-up period. The observation of another group for 48 months (n = 9552) indicated a CIN2+ risk of 0.5% [54,55]. Therefore, HPV tests should be considered to be of high value in protecting against the occurrence of CC for up to 10 years. The current consensus based on the availability of screening suggests repeated negative HPV tests at intervals of every 5 years [56,57]. Based on the Swedish experience, the costs associated with a diagnosis based on HPV testing (n = 16,544) and cervical cytology (n = 13,799) were compared. The average cost of detecting one HSIL+ case was EUR 9600 using HPV testing and EUR 7,600 using classical cytology. The nominal cost was significantly higher. Another study predicting the cost-effectiveness of screening with hrHPV testing showed a decrease in the incremental cost-effectiveness ratio (ICER) of (USD −6.16) relative to conventional cervical cytology. Quality-adjusted life-years (QALYs) were 386.98 for cytology and 390.80 for hrHPV-based testing, respectively [58,59]. A combination of LBC and HPV testing methods is called co-testing. Results from several randomized trials indicate an increase in the detection of precancerous lesions and a decrease in CC diagnoses after negative screening using these methods alone. The proportion of co-tests performed in one US state increased from 5.6% (2008) to 84.3% in women aged 30–64 years [60]. Interesting results were provided by a study in the pilot project “WOLPHSCREEN” on a group of 26,624 women, where it was shown that the incidence of CC significantly decreases when screening with co-testing is performed every 5 years [61]. The trend toward complex screening tests is also evident in the context of cytology itself, an extension of which is the p16/Ki67 dual stain cytology test (DSCT) with similar sensitivity but higher specificity. This method can significantly reduce the number of colposcopic examinations performed and protect patients from over-diagnosis while reducing costs [62,63]. In conclusion, despite many years of experience in the use of CC screening tests, there is still no clear consensus on the choice of a single method that combines accessibility, diagnostic performance, and cost-effectiveness. The use of artificial intelligence in screening methods can reduce costs by reducing the need for medical personnel, shorten the time needed for test results, as well as improve its accuracy by eliminating subjective evaluations by humans. Current research concludes that artificial intelligence can be used in both HPV testing and cervical cytology [64].




3.2.2. Human Papillomavirus Vaccination


Current HPV vaccines include Gardasil® (against HPV6, HPV11, HPV16, and HPV18 genotypes), Cervarix® (against HPV16 and HPV 18 genotypes), and Gardasil 9® (against HPV6, HPV11, HPV16, HPV18, HPV31, HPV33, HPV45, HPV52, and HPV58 genotypes). Worldwide, at least one dose has been administered to nearly 118 million women [65]. Global coverage of the complete vaccination schedule is estimated at 15%, and 40% for high-income countries. In Europe, population coverage with complete vaccination is estimated at 35% [66]. Countries that do not have a centrally funded national HPV vaccination program deviate significantly from the average. An example of such a country could be Poland, where vaccination is carried out locally using the budgets of local government units. Analysis of data from local government programs suggests a population coverage of girls aged 10–14 years of 2.05% [67]. Ninety percent of global CC deaths occur in low- and middle-income countries, which face difficulties in implementing effective prevention programs due to financial shortages and low public awareness. It is important to note, however, that the situations in these countries should improve from year to year. As of mid-2020, 41% of all low- and middle-income countries had initiated national HPV vaccination programs [68]. The spread of vaccination in highly developed countries faces a number of barriers such as the cost of the vaccine (in the absence of a national vaccination program), the lack of information about the HPV vaccine, the difficulty in completing the full series of vaccination, and the activities of anti-vaccination movements [69]. It is expected that as a result of the COVID-19 pandemic, the aforementioned barriers to HPV vaccination will increase. The recession in many countries caused by the COVID-19 pandemic may reduce subsidies supporting HPV vaccination programs in low- and middle-income countries. The supply chain disruption may have affected the vaccine production schedule, although there is no evidence of this. Anti-vaccination movements that gained impact during the COVID-19 pandemic spread false information discouraging vaccinations, including HPV [70]. Interesting results were provided by a study published by Smolarczyk et al. conducted on a group of 288 parents from Poland, in which 62.5% of the selected group said they had never heard of HPV. The level of knowledge of this group should be considered deeply inadequate, as only 49.4% gave correct answers to related questions [71]. Overcoming already known barriers can bring the goal of eliminating CC as a global public health problem closer. It is also necessary to set directions for further development. Ongoing research targets new dosing regimens of currently used vaccines (PATRICIA trial, which demonstrated the efficacy of a single dose of vaccine in preventing high-risk HPV infection) and new vaccines (the RG1-VLP vaccine provides broader coverage of HPV genotypes and is cheaper to produce) [72].




3.2.3. Cervical Cancer Prevention Programs in Europe


The beginnings of organized screening dates back to 1968, when Wilson and Jungner developed a catalog of criteria that a disease must have in order to be screened. In Europe, the key date for CC screening was 1993 with the publication of the European Guidelines for Quality Assurance in Cervical Cancer Screening, which set out the principles for CC screening. Another edition issued in 2015 precisely formulated the criteria that a screening program must meet, i.e., the age of the target group, the time intervals for receiving the screening test, and the algorithm for further management depending on the results [73]. Table 2 shows the current information on the implementation of CC prevention programs in selected European countries.



For both screening and HPV vaccination programs, there is no uniform regimen across Europe. Most of the countries listed base CC screening on Pap smears at intervals of every 3 years. The exception is Malta, which has included LBC in its screening program. HPV testing is applied in Belgium, Denmark, and some regions of Portugal. Of the European countries, the only country with full replacement of cytology in favor of HPV testing in the Netherlands. A program based on HPV testing has been launched in the country in 2017. Samples are collected by primary care physicians (GPs) and if women do not enroll, samples for self-testing are sent out [81]. Almost all countries have an HPV vaccination program. The exception is Poland, which is the only country without such a solution. In German-speaking countries (Austria and Germany), boys are vaccinated in addition to girls. Differences in approaches to CC prevention are reflected in the mortality rates presented in each country. Based on data published by the International Agency for Research on Cancer, European countries were divided by their CC mortality rates, and the results are shown in Table 3 [89].



The highest risk of death from CC among the countries shown is in Poland. The lack of a national HPV vaccination program is telling. The lowest risk of death among countries is in Malta, which, in addition to its HPV vaccination program, applies LBC-based screening. It seems reasonable to standardize the recommendations for CC prevention programs funded by budgets in European countries. There is an urgent need to implement HPV vaccination funding in countries like Poland. The reasons for the success of the prevention program implemented in Malta need to be evaluated in further studies.





3.3. Cervical Cancer—The Impact of the COVID-19 Pandemic


The COVID-19 pandemic has significantly affected the level of implementation of CC prevention. In the first few months after the pandemic outbreak, CC screening completion dropped by 90%, and HPV vaccination completion dropped by more than 70% (March 2020) compared to the pre-pandemic period. Removal of lockdown restrictions improved CC prevention implementation only slightly. Compared to the pre-pandemic period, 35% decrease in screening and 25–50% decrease in HPV vaccination implementation (June 2020) were observed [90]. The decrease in screening performed may result in decreased detection of precancerous CC conditions and lead to more invasive cancers in the future. This impact, due to the small time period that has elapsed since the onset of the pandemic, is difficult to prove with retrospective data [91]. Estimates from models simulating screening in four countries (USA, Norway, Netherlands, Australia) suggest a 5–6% increase in CC cases [92]. A study by Burger et al. found that a six-month delay in screening carried out with Pap smear would lead to an increase in CC incidence by 5–7 cases per million women screened, while with co-tests this number would be slightly lower, estimated at 4–5 cases. A delay of two years results in an increase of 38–45 cases (Pap smear) and 35–45 cases (co-Test) per million women screened, respectively. Between 58–79% of the estimated CC cases occurred due to delay in further diagnosis and treatment, not in deferring the screening test itself [93]. Closing the gap in CC prevention due to COVID-19 pandemic must include prioritizing completion of outstanding screening tests and providing access to in-depth diagnosis and treatment for individuals with suspected or diagnosed CC. Particular attention should be paid to low- and middle-income countries (LMICs), in which 85% of worldwide CC cases are diagnosed. In these countries, CC prevention and access to treatment should be considered as inadequate also in the pre-pandemic period [94]. COVID-19 forced the introduction of lockdowns by state governments, impacted the financial crisis, disrupted supply chains, relocated medical worker resources to combat the pandemic, and limited the number of available medical facilities (creating monoprofile hospitals for COVID-19 patients). These actions have had a limiting effect on the prevention, diagnosis, and treatment of CC. Based on data from India, it is estimated that the population there suffered an increase of 16,808–50,035 disability adjusted life-years (DALYs) due to delay or discontinuation of CC treatment [95]. The COVID-19 pandemic, despite its negative impact on CC prevention, has created an impetus to seek new solutions and revise the approaches used. One method that has significantly gained in importance is self-testing. The self-testing method for hrHPV has a higher sensitivity than Pap smear and has similar accuracy to the HPV test collected by medical personnel [96]. Self-testing allows screening to be performed in areas of low population coverage, allows to compensate for differences created during the pandemic, and does not involve medical personnel who can be delegated to other tasks. The results of the CoCoss-Trial, involving 65 women in Germany, showed that a stand-alone test using a urine sample may be an alternative to self-testing for HPV [97]. The COVID-19 pandemic resulted in a change in the standards of practice for CC screening in favor of popularizing the use of LBCs, co-tests, or p16/Ki67. The Polish Society of Obstetricians and Gynecologists guidelines published at the end of 2021 additionally allowed the use of artificial intelligence (AI) algorithms for automated epithelial assessment after visual inspection after acetic acid (VIA) [98]. AI studies show that AI-enabled colposcopy improves the sensitivity of CIN2+ lesion detection [99]. Methods using decision support systems can be used in LMICs where the process of training medical personnel is significantly limited. The COVID-19 pandemic period due to lockdowns contributed to the development of telemedicine care. Telecolposcopy and digital colposcopy provides the ability to perform colposcopy in a variety of settings and transmit data for consultation of treatment decisions. The above strategy ensures that continuity of care is maintained as well as counteracts the concentration of patients requiring consultation at referral centers [100]. The constraints and impediments of the COVID-19 pandemic are forcing the development of new diagnostics and treatments—including precision therapies. Treatments using molecular and genetic profiling allow medical staff to focus their attention on high-risk groups, which is extremely important given limited staff resources. Precision therapy and diagnostics may also reduce the financial burden of CC prevention programs in the future [101]. Here, special attention should be paid to the emerging concept of nanotheranostics. This concept aims to combine cancer therapy and diagnosis within personalized medicine increasing survival and quality of life for cancer patients [102]. An example of a nanotheranostic concept is the use of tetraphenylethylene-based di-Pt(II) organometallic precursor (TPE-Pt), which is a chemotherapeutic with additional properties of a radiosensitizer, sensitizing cancer cells to radiotherapy. In vitro and in vivo studies in mice showed effective inhibition of tumor growth and prolonged survival of mice with cisplatin-resistant cancer [103]. In the context of CC treatment, there are promising reports using nanoparticles and small interfering RNA (siRNA), showing the ability to inhibit genes responsible for CC invasion and development [104]. The COVID-19 pandemic has significantly affected the financial, logistical, and social health of states, resulting in the disrupted implementation of CC prevention and treatment. At the same time, the advances in health care made during the pandemic forged new directions.





4. Conclusions


The presented arguments indicate that the path to the complete elimination of CC as a global public health problem by 2030 may prove extremely difficult:




	(a)

	
No uniform standards of CC prevention for European countries;




	(b)

	
Lack of implementation of a nationally funded HPV vaccination program in some European countries (e.g., Poland);




	(c)

	
Differences in risk of death from CC between European countries;




	(d)

	
Continued widening of inequalities in CC prevention delivery due to disruptions caused by the COVID-19 pandemic.









In conclusion, we would also like to highlight possible future directions to improve the implementation of CC prevention:




	(a)

	
The dissemination of new screening methods, such as LBC, HPV-Tests, p16/Ki67, self-testing, and use of AI in colposcopic evaluation;




	(b)

	
The acceleration of the evaluation of the clinical utility of new diagnostics, e.g., ultra-sensitive E6/E7 mRNA assays, SOX1/SOX14, and new therapeutic pathways using JAK/STAT signaling pathways, Notch, or the concept of nanotheranostics;




	(c)

	
The development of HPV vaccines with broader HPV genotype coverage and shorter dosing schedules.
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Table 1. Selected potential biomarkers of cervical cancer.
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	Potential Biomarker of Cervical Cancer
	Sensitivity/Specificity [%]
	Main Conclusion
	Reference





	SEPT9
	89.5/63.3%
	SEPT9 may be a potential screening and therapeutic biomarker in CC
	Jiao et al. (2019)

[13]



	ZNF582
	71/81%
	The use of HPV DNA testing and the ZNF582 methylation assay improves diagnostic accuracy compared to HPV DNA testing alone.
	Li et al. (2019)

[14]



	PAX1
	86/85%
	Diagnosis of PAX1 methylation can be incorporated into a CC screening regimen
	Fang et al. (2019) [15]



	SOX1
	96/99%
	The sensitivity and specificity of SOX1 allow its use in early detection programs for CC
	Zhang et al. (2020) [16]
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Table 2. Implementation of CC prevention programs in selected European countries.
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	Country
	National CC Screening Program
	National HPV Vaccination Program
	Reference





	Austria
	Pap smear after age 18
	Yes, for girls and boys
	Sroczynski et al. (2020) [74]



	Belgium
	Pap smear every 3 years, possibility of HPV DNA test
	Yes
	Jolidon et al. (2020) [75]



	Czech Republic
	Pap smear every year over age 15
	Yes
	Altova et al. (2021) [76]

Záhumenský et al. (2020) [77]



	Denmark
	Pap smear in women

23–49 years every 3 years

50–59 years every 5 years

HPV test

In women aged 60–64 years—once
	Yes, girls 12 years old and older
	Pedersen et al. (2018) [78]



	Estonia
	Pap smear every 5 years in women aged 30–55 years
	Yes, girls aged 12–14
	Ojamaa et al. (2018) [79]



	France
	Pap smear every 3 years in women aged 25–65 years
	Yes, girls aged 11–14 Additional opportunity to vaccinate girls aged 15–19
	de Rycke et al. (2020) [80]



	The Netherlands
	HPV test in women aged 30–60 years (65 years if previous HPV test was positive) at intervals of every 5 years until age 40, then every 10 years
	Yes, vaccination of girls at age 12
	Maver et al. (2020) [81]

de Munter et al. (2021) [82]



	Malta
	LBC in women aged 27–39, Pap smear in women aged 40–64
	Yes, girls at age 12
	Deguara et al. (2021) [83]



	Germany
	Pap smear up to 35 years old, co-test 35–65 years old
	Yes, for boys and girls aged 9–14
	Hrgovic et al. (2020) [84]

Wojcinski (2021) [85]



	Poland
	Pap smear in women aged 25–59, every 3 years
	No
	Osowiecka et al. (2021) [86]



	Portugal
	Determined by individual regions of the country (HPV test, LBC, Pap smear) performed every 3 years, or every 5 years in age groups 25–60, 25–64, 30–65
	Yes, girls up to age 13
	Marques et al. (2022) [87]

Fernandes et al. (2022) [88]
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Table 3. Cervical cancer—mortality rates in selected European countries.
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	Country
	Age-Standardized Rate
	Cumulative Mortality Risk





	Austria
	1.8
	0.37



	Belgium
	2.0
	0.42



	Czech Republic
	3.6
	0.73



	Denmark
	2.2
	0.53



	Estonia
	4.3
	0.81



	The Netherlands
	1.4
	0.32



	France
	2.2
	0.42



	Malta
	1.1
	0.26



	Germany
	2.2
	0.44



	Poland
	5.9
	1.04



	Portugal
	3.2
	0.63







Age-standardized rate—per 100,000 women per year. Cumulative mortality risk—describes the probability of death between ages 0 and 74.
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