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Abstract: Non-small cell lung cancer (NSCLC) is the leading cause of cancer-related mortality
worldwide. Notably, the incidence of lung cancer among never-smokers, predominantly women,
has been rising in recent years. Among the various implicated risk factors, human papilloma virus
(HPV) may play a role in the development of NSCLC in a certain subset of patients. The prevalence
of high-risk HPV-DNA within human neoplastic lung cells varies across the world; however, the
carcinogenetic role of HPV in NSCLC has not been completely understood. Bloodstream could be one
of the routes of transmission from infected sites to the lungs, along with oral (through unprotected
oral sex) and airborne transmission. Previous studies reported an elevated risk of NSCLC in patients
with prior HPV-related tumors, such as cervical, laryngeal, or oropharyngeal cancer, with better
prognosis for HPV-positive lung cancers compared to negative forms. On the other hand, 16% of
NSCLC patients present circulating HPV-DNA in peripheral blood along with miRNAs expression.
Typically, these patients have a poorly differentiated NSCLC, often diagnosed at an advanced stage.
However, HPV-positive lung cancers seem to have a better response to target therapies (EGFR)
and immune checkpoint inhibitors and show an increased sensitivity to platinum-based treatments.
This review summarizes the current evidence regarding the role of HPV in NSCLC development,
especially among patients with a history of HPV-related cancers. It also examines the diagnostic and
prognostic significance of HPV, investigating new future perspectives to enhance cancer screening,
diagnostic protocols, and the development of more targeted therapies tailored to specific cohorts of
NSCLC patients with confirmed HPV infection.

Keywords: human papilloma virus (HPV); primary lung cancer; HPV-related cancers; cervical cancer;
oropharyngeal cancer; immunotherapy

1. Introduction

Lung cancer is the second most diagnosed cancer in the world [1] and the leading
cause of cancer-related mortality (18% of all cancer-related deaths). Recently, the incidence
of lung cancer among never-smokers, predominantly women, has been rising, resulting in
17,000-26,000 deaths solely in the United States [2].
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Therefore, a better understanding of the mechanisms behind carcinogenesis in non-
small cell lung cancer (NSCLC) and its prevention is fundamental. While tobacco remains
the primary etiological factor, other risk factors include occupational exposure to carcino-
gens, genetic mutations, air pollution, and viral infections. Among viruses, high-risk human
papilloma viruses (HPV) 16 and 18 show a major ability for tissue adherence, persistent
infection, and the integration of their genic fragments into the host genome.

Syrjanenin [3], in 1979, first suggested the potential involvement of HPV in NSCLC
development. Subsequently, several retrospective studies have reported the detection of
HPV in lung cancer cells, with an incidence varying around the world, with the highest
recorded in Asia (40.3%) [4-6].

HPV-DNA has been identified not only in human neoplastic lung cells [4-6] but also
in serum, plasma, and peripheral blood mononuclear cells [6]. The bloodstream itself could
be one of the ways of transmission from infected organs to the lungs, together with oral
(via unprotected oral sex) and airborne routes [6].

Previous studies reported an increased risk of NSCLC in patients with prior HPV-
related tumors, such as vulvar, cervical, laryngeal, or oropharyngeal cancers [7-9].

Consequently, HPV might be an etiological factor for NSCLC development, par-
ticularly among patients with a history of HPV-related cancers. Notably, it may work
synergistically with tobacco smoke in the carcinogenetic process. Smoke facilitates the
transition towards the squamous metaplasia of pulmonary epithelium, where the presence
of squamocolumnar junctions aids HPV entry [5], as in the cervical cancer process.

Squamous cell carcinoma (44% of NSCLC cases in men and 25% in women) [1,2]
stands as the lung cancer histology with the highest prevalence of HPV infection (up to
48.1%) [5,6,10,11]. This prevalence is often associated with smoking habits [5]. In contrast,
adenocarcinoma (28% of NSCLC cases in men and 42% in women) [1,2] demonstrates a
reported HPV prevalence of 44.4% [5,6,10,11]. Adenocarcinoma is the main histotype found
in non-smokers, displaying totally different molecular characteristics and expressing the
highest number of driver mutations within the lung cancer landscape.

Despite the fact that, in recent years, enough data were collected regarding the preva-
lence of HPV infection among NSCLC patients [6], the carcinogenetic role of HPV infection
in lung cancer is still unclear and debated. Moreover, its diagnostic, prognostic, and
therapeutic value in HPV-positive NSCLC remains unexplored.

In this scenario, this review aims to summarize the latest evidence regarding the role
of HPV in NSCLC development, particularly among patients with a history of HPV-related
cancers. It also examines the diagnostic and prognostic significance of HPV, investigating
new future perspectives in order to improve cancer screening and diagnostic protocols and
to develop more effective and tailored NSCLC therapies, in specific cohorts of patients.

2. The Role of HPV in Lung Cancer Development
2.1. HPV Genotypes, Integration Sites in Host Genome, and Oncogenetic Activity

HPYV is a small (52-55 nm), non-enveloped, icosahedral, double-stranded DNA virus
(about 8000 base pairs), containing three main regions: early (E genes), late (L genes), and
long control region (LCR) [12]. There exist over 170 described HPV types [13], and among
them, “high-risk” HPVs (16, 18, 31, 33, 39, 45, 51, 52, and 58) are responsible for persistent
infections that significantly increase the risk of cancer compared to “low-risk” HPV variants
(6,11, 42,43, and 44). Cervical cancer is associated with HPV16 and 18 infections in 70% of
cases [14], while head and neck cancer mainly with HPV16 infection [15] (25% of cases due
to sexually transmitted HPV).

In more than 80% of cervical cancers, HPV is often found integrated into the host
DNA, a process intricately linked to HPV-induced oncogenesis [16]. In fact, HPV16-positive
cancers show virus integration in 76% of cases, whereas the integration is consistently
evident in HPV18-positive forms [16].
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Two integration schemes are described: the first type involves a single copy of HPV-
DNA integration into cellular DNA, while the second type entails multiple tandem head-
to-tail repeats of virus genome integrated in a single host genic locus [17].

In case the integration of HPV-DNA into host chromosomes does not lead to a loss of
the flanking host sequences, a “looping” integration model occurs. This model involves the
amplification of concatamers of host and virus genomes in tandem in several copies, which
are subsequently reinserted into the host genome [18], as illustrated in Figure 1.
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Figure 1. HPV integration models for integrating into the host genome. Curved arrow (Pe, early
promoter). Type 1 integration: a single copy of HPV episomal DNA is integrated into the host genome.
Type 2 integration: multiple tandem head-to-tail repeats of HPV-DNA are integrated into a single
host DNA locus. Type 3 integration: “looping” integration of HPV-DNA, without losing flanking
host sequences. The concatamers of host and virus genomes are amplified in tandem in several copies
and then reinserted into the host genome.

The “looping” model of HPV integration is a widely accepted mechanism [18].

Integration in human genome often happens within some specific target sequences,
called “hotspots”, found in regions characterized by fragile sites and active transcription.

In squamous cell carcinomas, more than 300 HPV integration types or signatures were de-
scribed (inter- or intra-genic, Figure 2), varying according to the involved HPV genotype [19].

The MACROD2, MIPOL1/TTC6, and TP63 are the most common integration sites, as
well as MYC, TMEM49, FANCC and RAD51B genes28-30, POU5F1B, FHIT, KLF12, KLF5,
HMGA?2, LRP1B, LEPREL1, DLG2, and SEMA3D (less common integration sites were
reported in the following genes: AGTR2, DMD, CDH7, DCC, HS35T4, CPNES, C90rf85,
MSX2, and CADM2.9) [20-22].

In the early stages of the HPV life cycle, after integrating its genome into the host
genome, it overexpresses two primary oncoproteins called E6 and E7. These proteins inacti-
vate two tumor suppression proteins: E6 disrupts p53, while E7 affects the retinoblastoma
protein. By modifying the host cellular cycle, these actions favor viral genome amplification
and transcription processes [23]. Other target proteins and genes regulated by E6/E7 are
as follows: HIF-1«, VEGEF, IL-6, IL-10, Mcl-1, Bcl-2, cIAP-2, EGFR, FHIT, hTERT, HER- 2,
ROS1, and AhR. The collective impact of these alterations generally enhances lung cell pro-
liferation, angiogenesis, and cell immortalization [6,11,24]. In particular, hypoxia-inducible
factor-1oc (HIF-1x) protein accumulation and vascular endothelial growth factor (VEGF)
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and interleukin-8 (IL-8) expression promotes angiogenesis [24]. Interleukin-10 (IL-10),
secreted by macrophages, interferes with host immune response, establishing a persistent
infection and starting tumorigenesis [2]. Additionally, Bcl-2 and cIAP-2 prevent apoptosis,
contributing to tumor development [24]. E6 oncoprotein causes oxidative stress within
cells (through increased ROS levels), leading to DNA damage and an enhanced formation
of 8-OH-dG (8-hydroxy-2'deoxyguanosine), which may trigger epidermal growth factor
(EGFR) mutation [24]. Oncoproteins also upregulate interleukin-6 (IL-6) that promotes
Mcl-1, through phosphatidylinositol-3-OH kinase (P13K), thereby increasing tumor ma-
lignancy [24]. E7 can interfere with aryl hydrocarbon pathway (AhR), a ligand-activated
transcription factor, resulting in cell cycle blockade [24]. However, its precise mechanism
has not been deciphered in detail yet.
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Figure 2. HPV integration patterns in human genes inside chromosomes. Curved arrow (Pe, early
promoter). LCR (long control region). The three different types of integration models of HPV-DNA

in “hotspots” sites of the human genome: intra-genic (inside exons or introns) and inter-genic.

Furthermore, the overexpression of E6/E7 oncogene can be triggered by viral genome
hypermethylation (through hypermethylated CpG in E2 binding sites) [25]. Moreover,
E6/E7 themselves can stimulate DNA methyltransferase activity, thereby increasing the
methylation levels within infected cells, a process that contributes to their transformation
towards a neoplastic state [25].

2.2. HPV Infection of Lung Cells: Pathogenesis, Prevalence, and Carcinogenesis

Particularly for lung cancer, nine high-risk HPV genotypes were recently detected in
patients with NSCLC, i.e., 16, 18, 31, 35, 45, 51, 52, 56, and 59 [26], and often multiple HPV
types were concurrently observed in lung tissues [26]. The most frequently detected HPV
genotypes were 16, 18, and 56 [27-30].

HPV-DNA was discovered not only in neoplastic lung cells [4-6,11,27] but also in
human blood [6,11,27] and peripheral mononuclear cells [6]. The integrated form of HPV-
DNA was identified in tissue samples of patients affected by NSCLC, while the episomal
and mixed forms were identified in blood samples [26]. In 2023, Sun et al. used the
Mendelian randomization to provide extensive analysis on the causal effect of HPV in can-
cer development [31]. Mendelian randomization is an epidemiological method to analyze
the casual relationship between HPV exposure and outcomes by using single nucleotide
polymorphisms [31]. Using this method on a large HPV16/17 protein exposure dataset,
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the authors demonstrated how HPV18 E7 exposure posed to be a risk factor for NSCLC
development [26]. In a very recent and valid meta-analysis, Drokow et al. [11] showed that
patients infected with HPV type 16 were at a higher risk for NSCLC development compared
to those infected with type 18 (OR = 1.95, 95% CI: 1.00-3.79). They also concluded that
the risk of NSCLC post-HPV infection was higher in squamous cell carcinoma patients
(OR =1.62, 95% CI: 0.62—4.29), smokers (OR = 1.09, 95% CI: 0.74-1.61), and patients over
55 years of age (OR = 1.09, 95% CI: 0.74-1.61).

The high concordance among studies regarding the presence of HPV types (16/18)
in lung cells, peripheral blood, and cervical cancer [32] implicated the potential transfer
of the same virus from one site to another. This observation suggests the possibility of
bloodstream transmission, which could serve as a route of dissemination [8,33] alongside
oral (through unprotected oral sex) and airborne transmission [6,32] (through exhaled air),
Figure 3.
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Figure 3. Possible ways of the transmission of HPV to lung parenchyma.

The detection of high-risk HPV16 and 18 in lung cancer cells varies based on geo-
graphic areas [6] with the highest incidence observed in Asia (40.3%), followed by Latin
America (33.6%), Europe (25.6%), North America (15.4%), Japan (16.9%) [34], and Russia
(12.7%) [26]. In Italy, HPV prevalence in NSCLC ranges between 0 and 21.1% [6], Figure 4.

The HPV infection rates vary not only across continents but also among the different
histological types [11], with a higher presence of HPV-DNA in NSCLC than in normal lung
tissues (OR (95% CI) = 5.38 (3.21-9.00), p < 0.0001) [6,35-37].

Indeed, for squamous cell carcinoma, the reported infection rates were 46.3%, 21.3%,
and 32.2% in Asia, Europe, and America, respectively [11]. In contrast, for adenocarcinoma,
the infection rates were 21.2%, 9.5%, and 10.5% in Asia, Europe, and America, respec-
tively [11]. According to some authors, the variations in HPV prevalence among studies
might be due to the use of different detection methods [11]. And, about that, the PCR
techniques on lung tissues should be considered the preferred method for the detection of
HPV proteins due to their higher sensitivity, while serological methods should be viewed
as alternative approaches [11].
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Figure 4. Prevalence of HPV-DNA in lung cancer cells at different latitudes. Colored dots indicate a
different range of HPV prevalence.

Usually, the most common diagnosed histological type in non-smoker patients affected
by NSCLC is adenocarcinoma. It is characterized by a higher prevalence of targetable driver
mutations, such as epidermal growth factor receptor mutations (EGFRm) and human
epidermal growth factor receptor-2 mutations (HER2m), as well as anaplastic lymphoma
kinase (ALK) and ROS proto-oncogene 1 (ROS1) translocations [36].

However, squamous cell carcinoma seems to have the highest correlation (25.8%)
with HPV infection (OR = 9.78, 95% CI = 6.28-15.22, p < 0.001) [33] compared to ade-
nocarcinoma (21.1%) [5,6]. The authors of [5] have noted a higher, though statistically
not significant, association between smokers or former smokers and the prevalence of
HPYV in their lung cancer cells. This is likely related to the role of tobacco smoking in the
histological transition of pulmonary epithelium to squamous metaplastic cells, facilitated
by the presence of squamocolumnar junctions (SCJ). These SCJs serve as the preferential
entry pathway for HPV, as in cervical cancer [5]. Consequently, smoke and HPV infection,
driven by the expression of viral oncoproteins, may have a synergetic effect on lung cancer
development [8,11]. Indeed, smoking can decrease the number of Langhans cells (antigen
presenting cells of the epithelial tissue), creating a form of immune deficiency [11]. Further-
more, smoking reduces the immune response by inducing the release of IL-4, prompting
the release of T-helper (Th2) cells. This increase in Th2 presence favors the microbial
colonization of the lung [38].

Additionally, Pefia et al. [39] demonstrated that tobacco smoke can activate HPV16
early promoter (p97) in the lung epithelium, consequently leading to the overexpression of
E6/E7 oncoproteins through the PI3K, Akt, mTOR pathway. This correlation between HPV
and tobacco smoke exacerbates DNA damage of lung epithelial cells [39].

HPV can also function as an independent carcinogenetic factor in non-smoker pa-
tients [8]. Specifically, E6 suppresses the interaction between p53 and DDX3, resulting
in the inactivation of p21. Consequently, the cyclin A/CDK2 complex phosphorylates
pRb, enhancing cell proliferation, releasing E2F transcription factor, triggering G1/S tran-
sition in cell cycle, and inhibiting apoptosis [40]. The HDAC/pRb/E2F complex releases
HDAC, after the interaction with pRb, that causes the hypermethylation of p16INK4
and tumor progression. VEGF, IL-8, and HIF-lalpha promote angiogenesis. Then, E7-
and E6-inactivated p53 induce antiapoptosis through the upregulation of Mcl-1 by the
PI3K/akT-(IL-6)-(IL-17) pathway [11,26]. The same mechanism could explain the higher
incidence of HPV16 and HPV18 infection in lung adenocarcinoma with EGFR mutations,
as shown by Harabajsa et al. [30] in their series and meta-analysis. In fact, E6 antiapoptosis
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functioning through the PI3K/akT/EGFR pathway may explain the NSCLC tumorigenesis
in patients with EGFR gene mutation and HPV infection [30].

Furthermore, E6 increases Bcl-2 levels and cisplatin resistance [41] and promotes the ex-
pression of PDL-1 through ERK-C/EBP3-TLR4-NF-«B, fostering lung cancer invasiveness [42].

Additionally, previous studies have shown that HPV can also act through a “hit and
run” mechanism, being involved in the initial phases of carcinogenesis before being cleared
by the cells when no longer required [43,44].

Moreover, HPV amplifies the expression and activity of proangiogenic MMP-2 and
MMP-9, by inducing IL-8 [36]. It hyperactivates the signal transducers and activators of the
transcription 3 (STAT3) signaling pathway [36].

STAT3 enhances tumorigenesis by regulating various target genes and epithelial-
mesenchymal transition (EMT; the process where epithelial cells lose their cell polarity
and cell—cell adhesion, becoming mesenchymal stem cells, with migratory and invasive
properties) in lung cancer cells [36,45]. In particular, HPV16 E6/E7 oncoproteins can
upregulate the phosphorylation levels of STAT3, activating STAT3 signaling and inducing
EMT in NSCLC [36,45]. The Pi3K/AKT/HIF-1« signaling pathway might also contribute
to the progression of HPV-associated NSCLC by mediating the hypoxemia-induced EMT
and EMT-related transcription factors [38].

In 2023, Nie et al. [28] also demonstrated how the interaction between long noncoding
RNA SNHGI (whose expression is increased in NSCLC cells by HPV16 E6) and EGFR can
activate a downstream pathway that promotes tumor angiogenesis and VEGF (vascular
endothelial growth factor) expression.

Furthermore, the decreased expression of LKB1 mRNA, coupled with the overex-
pression of E6 and E7 oncoproteins [36], and the increased levels of HIF1 and VEGF gene
expression [36] (that regulate inflammation and antitumoral immune response) promote
cell proliferation.

In 2021, Hussen et al. [45] demonstrated, for the first time, how HPV infection and the
interplay between gene products (E6 and E7) and cellular microRNAs (miRNAs; small non-
coding RNAs of approximately 22 nucleotides) are involved in EMT, as a basis of cancer
development. The HPV-DNA was found in 51.4% of NSCLC cells (28.6% were integrated
form, 5.3% episomal form, and 66.1% mixed form), predominantly HPV type 16 was found
in 41.1% of cases. The highest levels of viral oncoproteins E6 and E7 corresponded with
the advanced tumor stage [45], associated with particular miRNAs that interact with EMT-
related genes. Recently, the authors of [26] also inferred the role of HPV infection in lung
cancer development through inflammation and EMT. Indeed, they observed a significantly
increased level of inflammatory cytokines in HPV-positive lung cancers compared to
negative forms [26].

Moreover, in a recent and very interesting study, the researchers from the Crick Insti-
tute found EGFR and KRAS driver mutations in 15% and 53% of 247 normal lung tissue
samples, respectively. These driver mutations in EGFR and KRAS genes commonly occur
with aging and seem to promote carcinogenesis in lung cells, presenting these mutations
when exposed to air pollution. Specifically, air pollution might enhance macrophage
response, elevating the inflammatory mediator interleukin-1§3, thereby promoting carcino-
genesis in mutated EGFR bronchial epithelium [46].

In light of the above-mentioned evidence [3,27,45], a similar mechanism, based on
inflammation induced by air pollution [46], could explain the role of HPV in lung carcino-
genesis among never-smoker patients, Figure 5.

A recent study revealed that 16% of NSCLC patients presented circulating HPV-DNA
in peripheral blood [47] and abnormally expressed miRNAs in HPV-associated tumors [47].
The patients with circulating HPV-DNA positively presented poorly differentiated NSCLC
(mainly adenocarcinoma) and were diagnosed in an advanced stage compared to those
without circulating HPV-DNA [47]. However, the carcinogenetic role of circulating HPV-
DNA in NSCLC has not been demonstrated yet. In particular, the combined detection
of miR-210 and miR-144 in plasma had the highest predictive value to detect a positive
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circulating HPV-DNA patient (AUC 0.938, 95% CI: 0.871-0.976, p < 0.001), with a sensitivity
of 93.75% and a specificity of 94.05%. The overexpression of miR-182 and miR-183 (upregu-
lated in HPV-related cancers) seemed to be associated with poor prognosis and metastatic
diseases in NSCLC [47]. MiR-210, known as “micromanager of the hypoxic pathway”, has
carcinogenic effects, and it was upregulated in NSCLC patients, while miR-144, with a
tumor-suppressor function, was usually downregulated [47].

Interleukin 8 (IL-8)
Up-regulation of proangiogenic MMP-2 and MMP-9
Decreased expression of LKB1 mRNA
8-hydroxy-2'deoxyguanosine (8-OH-dG)

» E

Lung cancer

Epithelial - mesenchymal transition

Figure 5. Hypothesis of HPV-induced carcinogenesis in never-smokers. HPV enhances the formation
of 8-OH-dG (8-hydroxy-2’'deoxyguanosine) and the levels of IL-8, upregulates MMP-2 and MMP-9,
and decreases the expression of LKB1 mRNA, leading to EMT and activating epidermal growth factor
(EGFR) mutations in never-smoker lung cells.

2.3. Second Primary Lung Cancer in Previous HPV-Related Tumors

In this context, the occurrence of second primary lung cancer following prior HPV-
related tumors deserves a special discussion.

Indeed, cancer survivors appeared to have a 14% higher risk of developing a second
primary tumor compared to the general population [9]. Eight percent of survivors in the
United States developed a second primary malignancy (SPLC), which in 25% of cases was
a SPLC (the most recorded second primary cancer) [9].

The analysis of Surveillance, Epidemiology and End Results (SEER) Program data,
from 1992 to 2008, revealed that head and neck cancer survivors had a higher risk of devel-
oping a SPLC. In particular, 10% of patients with a previous laryngeal cancer developed a
SPLC at their 10-year follow-up [9]. A prior study on SEER data from 1973 to 1992 recorded
a 5% incidence of SPLC in patients who had survived head and neck cancers [47]. This
was considered a “field effect” of carcinogenesis in tobacco smokers. The median time for
the onset of SPLC after a previous cancer was 42 months in this subset of patients, with an
overall poor survival rate (median survival: 8 months) [48].

Conversely, it has been reported that patients with a previous HPV-related oropha-
ryngeal cancer had a lower risk of developing a tobacco-related second primary neoplasia
(5.9%) than patients with HPV-negative oropharyngeal cancers (26.9%) [49] that had a
10.4-fold higher risk (CI 95%: 2.4-45.3, p: 0.002).

Furthermore, a higher 5-year survival rate was reported among patients with a tobacco-
related second primary neoplasm following prior HPV-positive oropharyngeal cancers
(97.6%) compared to previous HPV-negative cancers (62.0%), p < 0.001 [49].

To the best of our knowledge, no data about the prevalence of HPV-positive SPLC in
previous positive oropharyngeal cancers are available in the literature.
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On the other hand, in women with a previous HPV-related urogenital cancer, a higher
incidence of SPLC was recorded [8]. Henning et al. [8] showed that 49% of SPLC cases
were HPV positive within a cohort of 75 patients previously affected by SPLC following
HPV-positive cervical intraepithelial neoplasia (CIN III). In particular, the histology of HPV-
positive SPLC was as follows: 35% adenocarcinoma, 30% squamous cell carcinoma, 22%
oat cell carcinoma, 5% large cell carcinoma, 3% anaplastic carcinoma, 3% low-differentiated
carcinoma, and 3% malignant cylindroma. And the main HPV types involved in carcino-
genesis were as follows: HPV16 (48%), HPV6 (24%), HPV16/6 (24%), and HPV18 (4%).

2.4. Diagnostic Tools to Discriminate Lung Metastases from SPLCs

Therefore, in patients with a prior history of head /neck or cervical carcinoma, it is
critical to distinguish between lung metastasis and an SPLC in case of development of a
lung tumor.

However, while it is easy to discern if the histology of a second primary malig-
nancy is different from a primary HPV-related cancer, sometimes, when the histology
is the same, it may be challenging to distinguish a second primary malignancy from a
metastatic cancer [48].

In such cases, the decision is often based on clinical experience, radiological evaluation
(the shape of the lesion), and the oncological history of the patient (the stage of primary
cancer and time intercourse between the first and the second cancer).

Research on the expression of viral onco-protein RNAs (E6 and E7) through sensitive
RNA scope technology (RNA in situ hybridization), along with p16 (an inhibitor of cyclin-
dependent kinases, that slows down the progression of cell cycle from G1 phase to S phase)
may help in the diagnostic process.

In fact, it was already demonstrated that the overexpression of P16 is strongly related
to HPV infection [50], being used as an immunohistochemical marker for cervical [51] and
oropharyngeal HPV-related carcinoma [52].

A useful tool to differentiate primary from metastatic lung cancer can be HPV typing,
a method used routinely for cervical cancer, as proposed by Weichert et al. [53].

In their study, the authors of [53] tested 26 patients with head and neck or cervical
cancers, along with concurrent or subsequent lung tumor, to determine their HPV status.
They used polymerase chain reaction (PCR), following DNA extraction from tissues (using
a modified protocol of the QIAamp DNA mini Kit procedure, QIAGEN, Hilden, Germany),
and array analysis (the HPV type was identified with LCD- Array HPV Type 3.5C, Chipron,
GmbH, berlin, Germany). In those patients, where an identical status was found between
primary HPV-related cancer and concomitant or subsequent lung cancer, a pulmonary
metastatic disease was suggested. Conversely, a discordant HPV status leaned towards an
independent SPLC diagnosis. Interestingly, with this method, the authors of [53] found 50%
(5 out of 10) of lung lesions, initially classified as metastases from neck and head tumors,
that were identified as SPLC due to the presence of discordant HPV status.

Furthermore, the HPV integration site/signature within the hot genome, together with
integration model [19,54], particularly in cancer cells, may help in better differentiating
primary lung cancer from metastatic lesion in patients with previous HPV-related tumors.
For instance, a distinct HPV integration site in lung cancer cells compared to that in previous
HPV-related cancer may suggest an SPLC diagnosis, indicating a new carcinogenic process
of the same HPV genotype in pulmonary cells. Conversely, the presence of the same HPV
type with matching signature in the host genome would suggest the metastatic origin of
the lung tumor.

The recent advancement of next-generation sequencing (NGS) for both RNA and DNA
has allowed the precise determination of virus integration loci within the host genome and
genomic rearrangements in those sites, improving the understanding of viral integration
process and carcinogenesis [16].

Also, Campbell et al. [55] demonstrated how by using new tools for integrating omics
data with molecular taxonomy, it is possible to sub-classify squamous cell carcinoma
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from different sites into different molecular subtypes by analyzing recurrent alterations in
chromosomes, DNA methylation, miRNAs, and mutations.

Notably, the most frequent HPV integration sites often coincide with concomitant
methylated CpG sites. Therefore, the detection of a specific combination of methylated CpG
sites (nt5606, nt5609, nt5615, nt5378, etc.) can be used as potential diagnosis biomarkers for
squamous cell carcinomas.

2.5. Prognostic Aspects of HPV Infection in NSCLC

As for other HPV-related cancers [56], HPV infection seems to be associated with
better clinical outcomes in NSCLC, in terms of better response to therapies and over-
all survival [33]. Specifically, patients affected by an HPV16/18-positive lung cancer
have significantly higher survival rates compared to those of HPV16/18-negative lung
cancer patients [33].

In 2022, Rojas et al. [36] evaluated for the first time, in a retrospective study on 133 Latin
American IV-stage NSCLC patients (26% HPV+), the correlation between clinical outcomes
and HPV infection, which was detected not only by HPV-DNA positiveness but also by the
determination of viral activity through the expression of E6/ mRNA oncoproteins. They
found significant improvements in response rate (82.4% compared to 47.1% in negative
ones) and overall survival (2-year overall survival was more than 25% higher in HPV-
positive forms compared to negative ones, p: 0.008) for immune checkpoint inhibitors in
HPV-positive cases.

The underlying reasons behind the favorable prognosis associated with HPV infection
in NSCLC remain unknown. A possible explanation could be derived from a recent study
(October 2022), where Wang et al. [57] showed how HPV immortalizes cancer cells not only
by inhibiting tumor suppressors (Rb and p53) but also by activating the EGFR pathway.
According to their results, HPV16E6/18E6 and EGFR expression in NSCLC correlates with
a greater survival rate in older lung adenocarcinoma patients without brain metastasis, with
a smoking history, and with wild-type EGFR status. Additionally, this group of patients
demonstrated an increased sensitivity to cisplatin-based chemotherapy due to the action of
HPV16E5/16E6/16E7 oncoproteins on EGFR nuclear trafficking [57]. Other data available
in the literature further support these observations, showing better prognosis, higher
survival rates [58], and longer metastatic-free survival [26] in HPV18- and 19-positive
NSCLCs compared to negative forms.

2.6. New Frontiers in NSCLC Treatments

Prior to the first report by Wang et al. [57] in 2022, the role of HPV lung infection
in the aggressiveness of lung cancer was completely unexplored. However, the growing
evidence supporting a better prognosis for HPV-positive NSCLC has pushed to consider
HPYV status as an important biomarker in the therapeutic pathway of these patients. Due
to a lack of evidence until recent relevant studies were published, testing for HPV status
of lung cancer cells was only performed in research settings and was not a part of routine
clinical practice [32,56,57].

The increased sensitivity to platinum-based therapies [57] and radiotherapy [56],
enhanced response to target therapy (EGFR) [57], and improved outcomes with immune
checkpoint inhibitors [6] in HPV-positive NSCLC represent significant advancements.
These findings underscore the potential of HPV infection detection as a prognostic and
predictive factor, especially in patients treated with the latest therapeutic approaches.

Thus, “personalized treatment protocols” could be considered for lung cancer pa-
tients and should be extended beyond common genetic mutations, cancer profiling, and
immunophenotype to HPV oncoprotein status [57].

3. Future Perspective

In the near future, new promising developments will be possible in the landscape of
lung cancer.
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First of all, the integration of omics information with molecular data, such as chro-
mosome alterations, DNA methylation, and mutations, is expected to lead to a refined
molecular subclassification of NSCLC that will improve targeted therapies.

Secondly, new tools are poised to improve the diagnosis and the treatment of specific
patient cohorts, especially those with HPV-positive NSCLC.

As viral load of HPV is a useful predictor for cervical cancer development [59-61].
The viral load in lung cells could be a prognostic marker [33] for NSCLC development in
the future. But no data have been published on the specific topic yet. However, several
other biomarkers have been already evaluated and look promising for improving NSCLC
screening programs.

For instance, as reported above, circulating HPV-DNA-positive patients have a higher
possibility to present with an advanced poorly differentiated lung adenocarcinoma at the
time of diagnosis compared to circulating HPV-DNA-negative patients [47]. These patients
express specific cellular miRNAs, such as miR-210, miR-182, miR-183, and miR-144, which
could serve as novel biomarkers for identifying circulating HPV-DNA-positive NSCLC
patients [47]. Moreover, miR-182 and miR-183 could be considered biomarkers for poor
prognosis in NSCLC patients [47].

HPYV infection significantly increases DNA damage and mutations as inflammation-
induced oxidative stress supports lung adenocarcinoma development. Indeed, the levels of
the oxidative stress biomarker 8-OH-dG are closely associated with EGFR mutation in lung
cancer [62] and with the grade of dysplasia in HPV-associated cervical carcinogenesis [63],
Figure 5. Thus, these findings may be the basis for developing new immunological and
molecular preventive approaches, particularly for non-smokers at risk of lung cancer,
including patients harboring EGFR mutations and who are HPV positive.

In the next years, NGS is poised to offer new insights into virus integration processes
and carcinogenesis, potentially unveiling novel targets for silencing transcriptionally active
HPV domains. This may represent the first and fundamental step towards developing new
targeted therapies against HPV-related cancers.

Another important aspect to be evaluated in the near future would be that of HPV
vaccination.

Vaccination has shown to prevent over 90% of HPV infections, which in turn reduces
the risk of HPV-related cancers development; thus, it may also be useful for reducing the
risk of NSCLC according to some authors [11,32].

However, it is known that HPV prophylactic vaccination does not provide effective
protection to patients already infected with the virus [64]. Once the virus integrates into
the host genome, many early (E1, E2, E3, and E4) and late genes (L1 and L2) are lost,
making preventive vaccination ineffective against HPV-related cancer such as NSCLC [64].
Moreover, considering that vaccines against HPV are available since 2006 (Gardasil®4,
a quadrivalent vaccine available in 2006, Cervarix™, a bivalent vaccine, in 2007, and
Gardasil®9, a nonavalent vaccine, in 2014 [65]), this may explain why a certain age-group
of patients, already infected by high-risk HPV and at risk to develop HPV-related NSCLC,
may not benefit from the positive effects of the vaccination campaign, in our opinion.
Furthermore, the vaccination adhesion rate is not the same around the world due to the
lack of government founding or political support. All these factors might be the basis of the
apparent discrepancy between the declining trend of certain high-risk HPV genotypes re-
ported after national widespread vaccination [66] and the increasing prevalence of NSCLC,
particularly among young patients [67].

Further research is essential to understand the potential impact of HPV vaccination in
reducing the incidence of lung cancer.

In the future, another weapon against HPV-related cancers could be therapeutic
vaccination.

Available therapeutic vaccines against HPV are designed to target E6/7 oncoproteins
and aim to boost cellular immunity and improve body’s response to cancer treatments [65].
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Briefly, these therapeutic vaccines primarily work by stimulating adaptive T cell
immunity, in particular naive T cells to produce cytotoxic T lymphocytes (CTL) against HPV
infected cells, and by inducing CD4+T cells to produce cytokines and antigen-presenting
cells (APC). The main therapeutic vaccines are based on the following: live vectors (bacterial
and viral), peptides, proteins, liposomes, nuclei acids (DNA and mRNA), and whole cells
(dendritic cells or tumor cells). At present, though not yet available for clinical use, these
vaccines are being rigorously tested in clinical trials for the treatment of cervical cancer,
demonstrating safety and good tolerance levels [65].

4. Conclusions

High-risk HPV infection, in particular, HPV16 and 18, appear to increase the risk of
NSCLC development. However, HPV-positive lung cancers seem to have a better prognosis
compared to negative forms and an improved response to target therapies (EGFR), immune
checkpoint inhibitors, and platinum-based chemotherapy.

Further studies are necessary to clarify the pathogenesis, the oncogenesis, and the
prognostic role of HPV infection in lung cancer. Indeed, a deeper understanding of HPV’s
potential role within the complex carcinogenetic mechanisms of NSCLC could improve
the prevention and the better comprehension of the most diffused cancer in the world in
specific patient cohorts.

Moreover, in the near future, a deeper comprehension of HPV carcinogenic role in
NSCLC development could be relevant for adopting efficient HPV-targeted prevention
strategies. This could lead to advancements in NSCLC screening, the development of
cost-effective diagnostic protocols (through research on peripheral blood HPV-DNA and
miRNAs), and the tailored implementation of immune-based and target therapies for
subsets of NSCLC patients with HPV infection (such as those with a history of HPV-related
cervix or oropharynx cancers).
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